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INVESTIGATION OF HIGH-SPEED IMPACT PHENOMENA (III)

By J. F. Friichtenicht
TRW Systems

FOREWORD

This document is Volume II of a two volume final report
on an investigation of high-speed impact phenomena which has
been conducted at TRW Systems for the past five years. The
report is submitted in compliance with conditions of work done
under Contracts NAS5-763, NASw-269, and NASw-561. This volume
contains copies of Technical Reports and papers generated under
the series of contracts. In the text of Volume I these reports
and papers are referred to as Appendices. In general, the
material is discussed in much greater detail than in Volume I.
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A SOLID-STATE LOW-NOISE PREAMPLIF IER

by D. O. Hansen and N. L. Roy
TRW Systems, Redondo Beach, California

ABSTRACT

10405

A completely solid-state voltage sensitive preamplifier
is described. A field effect transistor is used as the input
stage. The equivalent noise charge referred to the input is
250 electrons. The input capacitance is 1 pf and is obtained
by a bootstrapping technique.' The input resistance is 1010
ohms, and the frequency response is from 10 kc to 7 mc. The
preamplifier has a voltage gain of 15, and is linear to +2%

jolk

to an output voltage of 10 volts.



4158-6011-TU-000
Page 2

A SOLID-STATE LOW-~-NOISE PREAMPLIFIER

Am all-solid-state, voltage-sensitive preamplifier with low
noise and broadband response has been developed for use with an
electrostatic hypervelocity accelerator employed in research on

hypervelocity impact phenomena.l’z’3

A large effective resistance
and small effective capacitance have been achieved at the input
stage by use of a bootstrap loop incorporating a field sffect
transistor as the input stage. In the hypervelocity test system
the preamplitier is used in conjunction with a detector2 4 to
measure particle velocity and charge, but its characteristics make
it suitable for other applications as well. The equivalent input
resistance of the preamplifier is 1010 ohms, and the bootstrapping
reduces the effective input capacitance to about 1 pf. For a pass
band of 10 kc to 7 Mc the equivalent rms input noise charge is
about 250 electrons.

In the hypervelocity test system3

tube which is traversed axially by a charged dust particle in a
time At that is inversely proportional to particle velocity.
Electrically, the detector may be considered a capacitance to
ground upon which at some instant of time a charge q (the charge
of the dust particle) is placed, and from which after a time At is
removed. The resulting voltage signal is a rectangular pulse of
length At and of amplitude.

v, =31 | 1)
in ceff ’

where Cefr is the effective input capacitance. The pulse has a
droop of time constant 1, where t is given by

T = RoreCers: | (2

the detector is a cylindrical



4158-6011-TU~000
Page 3

Reff being the effective input resistance. 1In actuality, a finite
amount of time is required to deposit and to remove the charge q,
hence the rise and fall times of the pulse are also finite. The
values of these times necessitate a high-frequency response >

5 Mc. The transit times of the particles through the detector
require that the low fréquency response be extended to 10 kc,

From Eq. (1) it is clear that the effective input capacitance
should be as low as possible, providing, of course, that any
technique used to lower the capacitance also improves the signal-
to-noise ratio. The desired decrease can be achieved by boot-
strapping the input capacitance, It is shown in the appendix that
the effective input capacitance with bootstrapping is given by

Cogs = Cq (1-3), (3)

where A is the open-loop gain of the bootstrap loop and Cd is the
input capacitance,.

However, an undesirable effect accompanies this reduction of
input capacitance. The rise time at the output of the bootstrap

loop is given by
2.2 Rbe

tr= —Wy “4)

where Ro is the output impedance of the bootstrap and Cb is the
load capacitance that must be driven by the bootstrap loop. This
equation points out that the effective load capacitance driven by
the bootstrap loop is increased by the same amount that the ef-
fective input capacitance is reduced. Cb has a value of 20 pf,
and a value in excess of 0.95 was obtained for A; therefore, for
a high-frequency cutoff of 10 mec, Ro must be no greater than 50
ohms, An output impedance R, of approximately 20 ohms is easily
obtained with an emitter follower, resulting in the desired high-
frequency cutoff.
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Vacuum tubes were originally used in the input stage of the
preamplifier because tubes are quite superior to conventional
bipolar transistors when high input resistance, low input capac-

itance, and low noise are required. However, with the develop-

ment of the field effect transistor (FET) the semiconductor family

became very competitive in this area, and in some instances,
superior to vaéuum tubes for such applications. In the source-
follower configuration the FET has an equivalent input resistance
of lO11 ohms or greater, allowing the use of a gate resistance of
10 ohms, whereas the maximum value of grid resistance for tubes
is much lower. It will be shown that a high value for this char-

acteristic is very important with respect to the noise properties

of the preamplifier. The interelectrode capacitances of FET's are

lower, and the noise properties of this type of transistor are
better than those of tubes. In addition, when vacuum tubes are
used precautions must be taken to avoid the introduction of noise
into the preamplifier‘through the filament supply; with FET's, of
course, no filament supply is needed.

Although the transconductance of FET's with the above char-
acteristics is considerably lower than that of tubes, in many
cases this is not a serious disadvantage, since a conventional
transistor may-be'used to effectively increase the g, of the FET.
(This technique is used in the preamplifier under discussion.)

In using FET's care must be taken, as with all semiconductors, to

insure that voltage and current ratings are never exceeded.

Figure lAis a ébmplete circuit diagram of the preamplifier.
The bootstrap shield, which is a cylindrical tube, completely
surrounds the detector and T1, the FET. The bootstrap loop is
taken from the emitter of T2 back to the detector. This arrange-
ment provides a low bootstrap-loop output impedance Ro allowing
the desired high-frequency response. T3 provides a high load
imbedance for T2, so that the bootstrap loop gain A may be kept
as close to unity as possible. (A value slightly in excess of
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0.95 has been obtained for A.) The detector capacitance, nominally
10 pf, is reduced to less than 0.5 pf by bootstrapping, ahd since
the gate-to-drain capacitance of the FET averages about 0.5 pf,

the total effective input capacitance is approximately 1 pf.

The two emitter-followers T2 and T3 contribute only a small
amount of noise because their source resistances are quite low
(500 and 20 ohms, respectively). T4 through T6 comprise a feed-
back amplifier with an open-loop gain of 300, which has been cut
back to 15 with a resulting linearity in gain of ¥2 percent for
output pulse heights to 10 volts. The emitter-follower output
stage T6 allows a terminated 30 ohms transmission line to be used
as the output load. |

With Ceff equal to 1 pf, the FET input resistance of at least
1011 ohms allows the low-frequency cutoff to be extended to 10 kc
as desired._ However, this large input resistance is even more
important in its effect on the noise properties of the preamplifier.
The FET, the detector, and the bias network are the major sources
of noise in the preamplifier. The noise equivalent of the input
circuit is shown in Fig. 2, where R is the FET bias resistor, E
_ , eff 1S
thelequivalent input capacitance, and Vin-is the equivalent rms

tn
~is the equivalent rms noise generator of the resistor, C

noise voltage appearing at the input of the preamplifier. A The rms
noise voltage amplitude of the generator is determined by ‘
2

Etn = 4kTRAf . (5)

It can belshown5'that

Af =1.57 £ 54 (6)

where f-3db is the upper half-power frequency. By use of this

relationship a value for E

tn that is independent of R is obtained:
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Y .

F et Vi,

tn

Figure 2. Noise Equivalent Input Circuit.



4158-6011-TU-000

Page 8
Etn2 - kT , or
eff
' (7
: kT
e, kT
t
. Cots
The voltage transfer function for Fig. 2 is
vin - 1 ‘ (8)
Etn 1+ 1coRCeff

and the power transfer function G(w) is the square of the voltage
transfer function. For purposes of calculation it will be assumed
that the preamplifier has a sharp lower cutoff at 10 kec. (If such
an approximation introduces appreciable error another transfer
function may be introduced to describe the details of the low-
frequency cutoff.) En’ which represents the total rms noise
voltage appearing across Vin,-the preamplifier input, can be ob-

tained from

24x107

En2 = 4KkTR f 4 Ic(w)l dw . (1)

27x10

When this integral is evaluated the value of En is found to be

S5 puv, which is a factor of 25 less than the noise from E

Since the maximum value of R that can be obtai

—atalaiis VE W e Ay  waasa

tubes is much lower (well below 101 ohms), using vacuum tubes in
this circuit would result in a considerably larger value of En'

Equivalent noise circuits have been derived for FET's;6

however, as a first-order approximation an FET may be regarded as
a noisy resistor of value l/gm. The g, of the FET used in the

.preamplifier is 2000 pmhos, resulting in an equivalent rms noise
~voltage at the input of 10 pv. The measured noise voltage re-

ferred to the input was 40 jv.

In summary, on the basis of the design considerations dis-
cussed in this paper, a preamplifier with the following
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characteristics has been constructed:

l. An equivalent input resistance of 1010 ohms
An equivalent input capacitance of 1 pt

3. An equivalent rms input noise charge of 250
electrons

4. Broadband response, from 10 kc to 7 me:
5. Use of all solid-state components.
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APPENDIX

The expression for the effective input capacitance with
bootstrapping may be found with the aid of Fig. A-1. In this
analysis the input impedance is assumed to be infinite and the
reactance of C is ignored. 1If it assumed that at some instant a

charge q is placed at the input, the following equations may be
written: |

= = 3 -
A Vo + v, TtV (A~1)
d d
Vo =AV =aA cq ) (A-2)
1 eff

From these, it is found that

Copp = cd(l - A) . (A-3)
-t AMPLIFIER ©
WITH GAIN
Cd:: 'I:_ A —il'
Vl , e VS
" vy
C

Figure A-1. Equivalent Circuit for Determination of Effective
Input Capacitance with Bootstrapping.
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In the preceding derivation it was assumed that the output
impedance of the preamplifier was zero. The circuit in Fig. A-2
may be used to find the rise time. Again, it is assumed that at
some instant a charge q is placed ‘at the input. Then,

A AVi - iRo s (A-4)
-9 .y ,
Vi=g vV, , and (A‘S)
d
1 . A
V = — fl dt . (A-6)
o T, .

Differentiating Eq. (A-6). and eliminating i gives

dv Vo(l - A)

o - __Ag
dt CbRO EdCbRO

which upon solution yields

- A 5. o =(1-A)t
Yo = eiye; |1 TR,

i
T T
A\G
C,= '
T |
Y Y
i - |- o
T A
’cbi:

j — : —0

Figure A-2, Equivalent Circuit for Determination of Effective
Output RC Time Constant.
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The effective RC time constant is

Rocb
Rt ~ 1T -1y - (A-7)

It should be noted that if the input capacitance of the next stage
is appreciable, its value should be added to Cb'

. VW
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HIGH-REPETITION-RATE PARTICLE INJECTOR
FOR ELECTROSTATIC ACCELERATOR

Certain classes of experiments conducted on the TRW two-
million-volt accelerator, particularly those intended to simulate
long-term micrometeoroid bombardment, require a large number of
particle impacts. An automatic particle-injection system capable
of satisfying this requirement has been developed and is currently
in use on the accelerator.

The charged-particle injector requires the application of a
large negative voltage pulse in order to inject particles into the
accelerator. In the original system the pulse was initiated by
the manual closure of a switch, which discharged a capacitor
through a pulse-forming network. The pulse from the network was
fed to the grid of the high-voltage pulse tube. The operation of
the sﬁitch and voltége adjustments were accomplished from the
operator's console by means of solenoid-driven control rods that
are an integral part of the Van de Graaff accelerator. This
manual mode has been incorporated into the new system.

In the automatic system an electronic subassembly generates
triggering pulses at a predetermined rate. The automatic pulsing

system contains two major units, one located within the Van de
Graaff console and the other in the high-voltage terminal. The
pulse rate control and indicating unit shown in Fig. 1 is located
within the Van de Graaff console. Indicator lamps on the control
pdnel show the position of the console stepping switch, which
corresponds to the position of a stepping switch within the
terminal. The time delay insures that the solenoid is actuated
long enough to allow the terminal stepping switch to step and to
prevent the stepping motor from being on more than 2 seconds to

prevent overheating.

Pushing the pulse-control button advances the pulse-rate
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115V A.C. I TIME DELAY
9 iy
! " RELAY RY-~1
’ 4/{/
/ SOLENOID $O-1
Ryl ) VAN DE GRAAFF
) CONTROL ROD
LEDEX
RECTIFIER

SIGNAL LAMP l
POWER 115V A.C.T | ]D .C. OUT

MAN

(0 10 PPM
-4

@:wpm .9 T

(T) 100 PPM |
V .

(0 300 PPM
7

(0 600 PPM
| S

O

Fig. 1

SOLENOID-DRIVEN
D.C. STEPPING SWITCH
6 POSITION ROTARY

Schematic of Automatic Pulse Control

and Indicating Unit
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switch to the next step. The sequence operates in one direction
only, from manual to the slowest automatic pulse rate (10 pulses/
min) and on through progressively faster rates, returning to
manual one step after the fastest pulse rate (600 pulses/min).

The function of the unit located within the Van de Graaff
high voltage terminal (Fig. 2) is to provide the proper pulsed
and d-c voltages to the particle injector for both manual and
automatic operation. A multivibrator (labeled V-1 in Fig. 2)
generates the pulses employed in the automatic mode. Pulse rates
are selected by changing the multivibrator coupling capacitors.
Switching of the capacitors is accomplished by S-1, a solenoid-
driven stepping switch. The switch is stepped by closing micro-
switch S-501 by operation of a Van de Graaff control rod (as
indicated in Fig{ 1).

Trigger pulses for manual operation are produced by a pulse-
forming network consisting of R-6, C-11, and R-8. With the manual
injection switch S-503 open, C-11 charges through R-6 to 300 volts.
Closing the switch discharges C-11 through R-8, producing a
trigger pulse. C-12 and R-7 suppress arcing at the switch.

The trigger pulses produced by either V-1 or by the pulse-
forming network are coupled to a univibrator V-2. The output
pulse from this tube is 75 volts in amplitude and about 10 msec
in duration, the length of the pulse being adjustable over a
limited range by R-14. The pulse from V-2 is fed to the grid of
V-3, which is normally cut off but conducts for the duration of
the pulse, producing a voltage drop across R-20. The magnitude
of the voltage pulse is determined by the voltage divider con-
sisting of R-16 and R-17. R-16 is a potentiometer that is ad-
justed by a selsyn-driven control rod from the operator's console.
The high-voltage pulse obtained at the plate of V-3 is applied to
the particle injector.

The number of particles injected per pulse is a function of
pulse amplitude and duration, which are normally adjusted so that




TLUTWID), JFRRID 9P UeA UTYITA JTUN JI9SThd Orjewolny Jo orjewayos gz -StJ

QN
M o o *>°a
".u be AW10¥ NOILISOd 9 X330 ¥
= & HOLIMS ONIJILS D a
1 10D 1= B 105-5
-« xaaa )_o- —o AdlL
R/
m - _ [ AVQ IWIL
<
© SWHO NI S¥OLSISI¥ 1TV
...m.u GIION
™ ISIMUFHLO SSTINN 37 NI SEIOLIDVAYD TIV
£1-¥ $6-1 £05-5
a M E e NOLLDIFNI
- 4 TYANYW
[ -
S 100°0 i0°
£1-2 0l 7= 10°0,,01-D §-2
4 Wi g -
pin et [ w6 T\l \so
vt - _ 8- i
Q D - )
9z
—}
n-s
b 01 - P Y] ¥4 -3¢ ¢Z-¥ S1-¥
3% 3300 wel § wiE T Fws
-0 Da AOOE
M
WUNUOL iNO | wrles
300W>3W I pes hing




the average rate is about one
has been operated under these
ticles per second for periods
deterioration in performance.
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particle per pulse. The injector
conditions at the rate of 10 par-
of over 100 hours with no noticeable



VELOCITY SELECTOR FOR AN ELECTROSTATIC
HYPERVELOCITY ACCELERATOR

APPENDIX C



4158-6003-TU-000

TECHNICAL REPOR

"VELOCITY SELECTOR FOR AN ELECTROSTATIC
HYPERVELOCITY ACCELZRATOR"

July 1685

Prepared for

National Aeronautics and Space Administration
Washington, D. C. 20546

Contract No. NASw-936

,;O ﬁ/[fﬂ//l J, 2.3 pircdhloec b

rrepareu by app
D. O. Hansen J. F. Friichtenicht
Manager, Meteoritics Dept.

PHYSICAL ELECTRONICS LABORATORY
Physical Research Division

TRW Systens
One Space Park, Redondo Beach, California



4158-6008-TU-000
Page 2

VELOCITY SELECTOR FOR AN ELECTROSTATIC
HYPERVELOCITY ACCELERATOR

The TRW electrostatic hypervelocity accelerator1 is capable
of accelerating micron-size electrically charged dust particles
to velocities in excess of 30 km/sec. Because obtaining high
velocity data with the basic system alone is difficult and time
consuming, the practical upper limit on particle velocity prior
to development of a velocity selection system was about 15 km/sec?
The velocity selector has raised this upper limit to that of the
accelerator itself, or above 35 km/sec.

The detectors used with the electrostatic accelerator are
described elsewhere? The output of the detectors consists of a
rectangular wave with a height proportional to the charge of the
particle and a length inversely proportional to its velocity.
This signal is amplified by a low-noise preamplifier3 and then
displayed on an oscilloscope. The trace is usually photographed
so that the parameters of the particle may be precisely measured.

The faster particles generally carry a smaller charge and
therefore generate smaller signals than those produced by the
slower particles. The oscilloscope sweep is usually triggered
internally so that all particles with less than a specified
velocity v, sweep the oscilloscope. Thus, in order to obtain data
on high-speed particles, all particles with less than the desired
velocity must also be recorded and the resulting traces sorted to
isolate the high-velocity-particle pictures, which constitute a
small fraction of the total number of traces recorded.

These difficulties are compounded because the dust powder
available for acceleration does not have a uniform size distri-
bution. The distribution curve peaks for particles of about 1
to 2 microns radius, and particle velocities correspondingly
peak at around 5 to 7 km/sec. This peak .is: quite sharp and
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fallsoff particularly fast in the direction of decreasing radius
and higher speed.

A further serious hindrance to obtaining high-velocity data
is low-frequency noise. For accurate measurement of particle
parameters, the frequency response of the preamplifier must be
extended to low ffequencies (10 kc or less). A great deal of
low-frequency noise reaches the oscilloscope input despite the
many precautions that are taken. This noise is not troublesome
on an oscilloscope trace because its frequency is low compared to
the sweep rate, but it can trigger the oscilloscope, causing it
to sweep continuously. The trigger level must therefore be set
well above this low-frequency noise level to avoid spurious
triggering, with the result that very-low-charge particles do not
sweep the oscilloscope. Since these low-charge particles are
also the ones with high velocity, the effect of low-frequency
noise is to place an upper limit on velocities that can be
measured.

To alleviate the above problem a velocity selector system
was designed and constructed. As can be seen in the logic diagram
presented as Fig. 1, three particle detectors are used with the
velocity selector; the first two are velocity detectors, while
the third is a charge detector. For some applications only the
velocity detectors are used, whereas in other experiments the

entire system is required.

The velocity detectors have a relatively rarrowband frequency
response of 1 to 10 mc. The outputs of preamplifiers No. 1 and 2
are fed to pulse height discriminators, which are set so that
they are triggered by noise at a rate of 20 to 50 pps. Discrimi-
nator No. 1 triggers a one-shot multivibrator that has an ad-
Justable period. At the end of the period selected, a second one-
shot multivibrator of variable period is triggered. A gate is
opened for the period of this second one-shot, and pulses from
discriminator No. 2 will pass through the gate if they appear
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during this time. Pulses that come through the gate are de-
tected by a discriminator whose output ordinarily sweeps the
oscilloscope but may also be used for other purposes, such as
activation of a particle-deflection system that is described in
some detail elsewhere?

The accidental rate of the velocity selector is calculated
from the standard coincidence accidental formula

Racc = RIRZAt ’

where Rl and R2 are the rates of disciminators Nos. 1 and 2. For
Rl-gnd R, equal to 50 pps and At equal to 107 sec, R, . = 2.5 x
10 7, which is a very acceptable rate for most conditions. The
value of At chosen for this example is larger than required for
all but the widest velocity windows (1 to 40 km/sec.)

If a precise determination of particle mass is necessary for
an experiment, a pulse height window discriminator may be placed
on the output of detector No. 3 to specify a particle charge
interval, just as the velocity selector is used to specify a par-
ticle velocity interval. The simultaneous specification of charge
and velocity is equivalent to specifying a mass interval, since
the specification of charge and velocity together with the accel-
erator voltage allows the mass of the particle to be calculated.

The velocity selection system is used for experiments re-
quiring data over a small particle-velocity interval. For tests
of transient phenomena, such as impact ionization, behavior of
particles under free-molecular-flow conditions, etc., the velocity-
selecting section of the system is all that is needed. However,
for experiments on phenomena such as cratering the particle-
deflection system is used. When this system is used with the
velocity selector, the crater structure can be related accurately
to the impacting particle parameters.

vw
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PARTICLE PARAMETER SELECTION SYSTEM
FOR AN ELECTROSTATIC PARTICLE ACCELERATOR*

J. F. Friichtenicht
TRW Space Technology Laboratories, Redondo Beach, California

INTRODUCTION

The electrostatic hypervelocity particle accelerator1 has
been used in a variety of experiments concerned with micrometeoroid
simulation and hypervelocity impact? One of the major problems
associated with the use of the accelerator is the inability to
specify in advance the parameters of a particle prior to impact
upon an experimental complex. This occurs because of the size
distribution of particles comprising the particle supply. As has
been shown? the charge-to-mass ratio (and therefore, the final
velocity) is an inverse function of particle size. The iron powder
which has been used extensively contains particles ranging from a
few tenths to several microns in diameter. Thus, wide variationmns

in particle velocity and mass are observed.

The use of finely graded powders in several size ranges would
partially alleviate the problem. Unfortunately, the state of fine
particle technology has not advanced to the point of providing
suitable particles. An alternative method is to make the particle

Jrpe R R . I R N TR Sy R T
BSELCCL LIVl 10L10WILINE acceieraiain ana pr

2 . L PN 2 e wm o de
10r 1O impact.

Since the particle charge-to-mass ratio is a function of
particle size, specification of particle velocity also specifies
particle size to an accuracy determined by variations in the
charging process. A system which permits particles with velocities
within a small interval to reach the target while rejecting all
others is a satisfactory solution to the data collection problem.

A system embodying this concept has been constructed and tested.

*This work supported under NASA Contract NASw-936, "Investigation
of Hypervelocity Impact Phenomena®.
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The main elements of this system are an electrostatic deflector,
a velocity sensing and gating circuit, and a high voltage pulse
circuit. Each of these elements are discussed below.

The Electrostatic Deflector

The function of the electrostatic deflector is to deflect
unwanted particles from the beam while permitting selected
particles to pass through unperturbed. The deflector, consisting
of a pair of parallel plates with a potential difference Vd be -
tween them, is shown schematically in Fig. 1. Upon entering the
region between the plates, particles from the accelerator ex-
perience a force perpendicular to the original direction of motion

given by

Fp‘=_ qE ’ (1)

where q is the particle charge and E is the electric field be-
tween the plates. Integrating, we get

v =%Et . (2)

where vp is the velocity component perpendicular to the original

trajectory, m is the particle mass, and t is the time spent in
the deflection region. The time required to traverse the length
of the plates L is determined by the initial velocity v and is

given by

m

2qV

1/2
e o

where V is the accelerating voltage. The perpendicular velocity
component at the exit plane of the plates is

)1/2

m

Vp = E (m L o (4)




Page 3

4158-6007-TU-000

*I0309T1JOP
OTjelsoxloard ayl jo uotrjedado ayj 3urlordep yolayyg °[ sansrgd
| | T —
* ~— L
a
Y - 2
* WV3d
3710114vd
NIV

IDNVYLINA

‘A'H+




4158-6007-TU-000
Page 4

Furthermore,
v
_P _ EL
v 2—v- tan O 9 (5)

where 0 is the angle betwéen the initial and final trajectories.
It should be noted that this expression is independent of

particle parameters and all particles traversing the deflection
region describe identical trajectories regardless of their charge-
to-mass ratio.

By integrating Eq. (2) and combining the result with Eq. (5),
it is a simple matter to determine the total displacement D im-
parted to the particle at any distance L' downstream from the
particle deflector. For values of E = 2 x 106 volts/meter,
V=2x 106 volts, L = 0.15 meter, and L' = 0.15 meter, the dis-
placement is 1.25 cm. Since particies from the accclerator are
focused into a much smaller spot than this, the magnitude of the
deflection is more than adequate to deflect particles from the
entrance aperture of an experimental chamber.

The Velocity Sensing and Gate Circuit

As was mentioned above, spbcifyihg Particle velocity determines

"~ particle mass for a given set of conditions. Accordingly, particle

parameter selection is made on the basis of a velocity measure-
ment. The velccity selection system is illustrated schematically
in Fig. 2. The velocity sensor consists of a pair of short,
capacitive-type detectors (see Ref. 3) separated by a fixed
distance. The signals from each of the detectors are amplified
and presented to voltage discriminators where uniform pulses are.
generated for each signal exceeding the discrimination level. The
output pulse from the first discriminator triggers a ''one-shot"
multivibrator which produces a pulse of adjustable length. The
trailing edge of this pulse triggers another one-shot multi-
vibrator of variable, but preset length. This pulse opens the
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gate of an electronic gating circuit for the duration of the
pulse. The output pulse from the second discriminator is fed to
the gate and if it appears while the gate is open, an output
trigger pulse is generated. The trigger pulse is delivered to
the high voltage section of the system.

It can be seen that the duration of the first multivibrator
pulse determines the upper velocity limit of the system while the
duration of the second multivibrator pulse determines the velocity
interval over which trigger pulses are generated. The durations
of both of these pulses are adjusted by switching the multi-
vibrator coupling capacitors. The switching is accomplished by
multi-position wafer switches and a wide variety of velocity
intervals may be selected.

It should be pointed out that the velocity sensing system
can be used to advantage in other ways, as well. For example,
the trigger pulse can be used to gate an oscilloscope in order to
display only desired signals, while ignoring all others. The use
of the system also increases the apparent signal-to-noise ratio
of the detectors. The latter manifestation is discussed more
thoroughly in another report4 which also includes a detailed
description of the electronic circuitry.

The High Voltage Pulse Section

When a trigger pulse is received, the high voltage pulse
circuit discharges the voltage across the deflection plates,
thereby allowing the particle to proceed on to the target. With
the exception of the method by which the grid drive pulse is
generated? the operation of the high voltage pulse circuit is
conventional in all respects.

The trigger pulse from the velocity sensing and gate circuit
is first fed to a one-shot multivibrator whose period is adjust-
able to several values roughly corresponding to the time required
for the selected particle to traverse the deflection region. The
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output pulse from the multivibrator is applied to the grid drive
pulse generator. This circuit produces a moderately fast rising
high voltage pulse (about 1,000 volts negative) of a duration
equal to the length of the input pulse. For a detailed description
of the grid drive pulse generator which employs all solid-state
electronics, see Ref. 5.

One plate of the deflection system is grounded while the
other is connected to the plate of a high voltage pulse modulator
tube. Normally the tube is cut off and the deflection plate is
at the power supply voltage. Application of the driver pulse to
the grid via an inverting 1:1 pulse transformer drives the tube
into saturation thereby dropping the voltage between the deflection
plates.

For proper operation of the deflector, the voltage between
the plates must be completely discharged before the particle
arrives and must remain discharged until the particle has traversed
the plates. These requirements impose limits upon the rise time
and duration of the high voltage pulse. The deflection plates |
constitute a capacitive load for the tube of the order of 100
picofarads which must be discharged in about a microsecond. A
high voltage pulse modulator tube (English Electric Valve Co.,
C1150/1, equivalent to an Eimac 4PR60B) was used in this case be-
cause of availability, although somewhat lower power tubes would

bhe equally ga+ief9n+nry°

=2 T D . N WA

SUMMARY

The particle parameter selection system described above is
a valuable addition to the techniques and methods which have been
developed in connection with the electrostatic particle acceler-
ator. Even when used alone, the velocity sensing and gate circuit
is very useful in the detection and measurement of very small
high speed particles because of the noise reduction inherent in
the system. The deflection system is most useful in cases where
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it is desirable to protect the target from bombardment by particles
possessing characteristics other than those within a given range.
Also, certain types of experiments require extensive post-bombard-
ment analysis, and the ability to preferentially select certain

parameters in advance would reduce the time spent in the analysis

of redundant or unnecessary data.

In the present system, the selection mechanism is based
strictly on a velocity measurement. This determines particle
mass to an accuracy determined by variations in the charging
mechanism. If such variations are excessive, the system can be
modified to eliminate them. This can be accomplished by adding
the requirement that the signal amplitude lie within some small
interval. This is equivalent to specifying a charge interval.
The simultaneous specification of particle charge and velocity is
sufficient to specify particie ma;s for a giVen accelerating
voltage. Although this refinement has not been included in the
present system, it is clear that addition of this feature is a

straightforward process.

vw
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SOLID STATE HIGH VOLTAGE PULSER

David O, Hansen
TRW Space Technology Laboratories, Redondo Beach, California

The diagram of a circuit which will produce a moderately
fast rising high voltage pulse is shown in the accompanying
figure. Some of the advantages of this circuit are: all
solid state components, and therefore no filament supplies,
etc.; low voltage requirements at the input for turn-om; with
the rapidly increasing BVCEO of PNP transistors, the avail-
ability of either polarity pulse without transformer ceupling;
the inherent protection against high voltage breakdown pro-
vided by the biasing arrangement.

The biasing arrangement, which is very simple, guarantees
that the voltage across each transistor will always be less
than some fraction of the supply voltage set by resistive
dividers, R3, R4, and Rs. if very long pulses are required,
then the backup capacitors, Cl’ C2’ and 03 should be increased.

The operation of the circuit is as follows. A positive
pulse of approximately 2 or 3 volts at the input switches Tl
on, A simple emitter follower is very adequate for driving
Tl' When 'I'1 starts to conduct, its collector voltage falls,
This turns on T2 because of the base current now flowing to
T2 through Rl. The same thing happens when the collector of
Tz falls, switching on Ta with base current through R2. The
switching times of T2 and T3 are limited only by the fa of
the transistors, since they are switched with emitter drive.
Therefore, the switching speed of the complete circuit is

limited almost entirely by the switching of Tl‘

*This circuit developed in connection with work being
conducted on hypervelocity impact phenomena under
NASA Contract NASw-936.
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Diodes D1 and D2 are high voltage rectifier diodes with
breakdown voltages greater than the supply voltage. They
protect the transistor string from spurious high voltage
spikes that may be fed back from the circuit being driven with
the output pulse. The protection afforded by the diodes
depends upon their switching time from off to on. Since this
is quite fast even for slow rectifier diodes, they may be used.

This circuit was constructed and used as a driving source
for a 20-kv pulse tube. 2N3439 transistors were used. The
rise and fall times of the pulse were approximately 800 nsec.
These times could be decreased by using higher frequency
transistors, and in particular, a faster switching transistor

for Tl'

ro
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A NOVEL HIGH VOLTAGE PULSE GENERATOR*

J. F. Friichtenicht and D. O. Hansen
TRW Space Technology Laboratories, Redondo Beach, California

This note describes a high voltage pulse generator that was
developed in connection with research being carried out on hyper-
velocity impact phenOmena1 Our requlrements were a. 20-kilovolt
pulse delivered to a capac1tive load of 100 pf, with rise and
fall t1mes of one psec or less, and a pulse width range of 10-100
usec. The pulse generator contains all solid-state components,
except for the output pulse tube, and is simple in design and
construction. A 3-volt pulse is sufficient to drive the generator
amd consequently it can be driven directly from low-level solid-

state circuits.

Figure 1 is a circuit diagram of the generator which con-
sists of 2 basic stages. The first is the transistor string com-
bosed of Q1_3 and its associated circuitry? The second is the
high voltage pulse tube. The biasing arrangement composed of
Ri—S’ while quite simple, achieves two very impoftant results.

It allows the switching action of the transistors to occur as
described below, and at the same time prevents the voltage across
any transistor Qa from exceeding that across its bias resistor Ra'
This prohibits transistor breakdown due to excessive collector-
emitter voltage. Diodes D1 2 protect the string from apux'
pulses fed back from the pulse tube gr1d, etc., which mlght
destroy the string by exceeding the maxlmum'BVCEO of the tran-
sistors. The protectiOn'afforded by D1-2 depends only upon their
turn~on time, and since this is quite rapid for any diode, ordi-
nary rectifier diodes may be used.

*This circuit developed in connection with work being conducted.
on hAypervelocity impact phenomena under NASA Contract NASw-936.

J. F. Friichtenicht, "Micrometeoroid Simulation Using Nuclear
Accelerator Techniques“, Nuclear Inst. and Methods (1964) Vol. 28
Pp 70-78.

23 ®. Hansen, "SOlld State High Voltage Pulser’”, 4158-6005-TU-000,
Centract No. NASw-936, TRW Space Tbchnology Laboratories,
Redondo Beach.
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A positive réétangular pulse is applied to the base of Q1
which turns it on. As Q1 comes on its collector voltage falls,
carrying the emitter of Q2 down also. This turns on Q2 because
of the base current drawn through R3. Q3 is turned on in a
similar fashion. When this switching action is complete, all of
the transistors are in saturation. Upon termination of the pulse
at the base of Ql’ the reverse procedure takes place. Therefore,
the signal at the collector of Q3 is a negative rectangular
voltage pulse with an amplitude nearly equal to the snpply voltage.
This pulse is delivered to the grid of the high voltage pulse tube

by an inverting 1:1 pulse transformer.

The high voltage pulse tube is conventional in all respects.
The pulse from the transistor string is delivered to the grid,
driving it positive and satufating the tube. The plate falls

ecssentially to ground with a rise time determi

A W A J v DA T aiswe T waa

mined by the time
required to charge the load capacitance with the plate current.

When the pulse is removed from the grid, the .plate returns to thev
supply voltage with a fall time determined by the RC time constant

of the effective load resistance and the load capacitance.

The rise and fdll times of the output pulse wére about 900
nsec which was adequate for our purposes. If shorter rise and
fall times are required, both stages of the pulse generator can
be improved. Pulse tubes rated at 75 amperes or more are readily
available and these are capable of providing rise times of 50
nsec or less into a 100 pf load. The switching time of the tran-
sistor string can be improved also. It will be noted that Q2 and
Q3 are turned on with emitter drive, and therefore their switch-
ing times are limited only by their fa’ Ql is switched with base
drive and almost entirely limits the rise and fall times of the
string. If transistors with high t, are chosen for Q, and Q3
and a fast switching transistor is chosen for Ql, short rise and
fall times may be obtained from the transistor string. Fast
switching high voltage transistors are rare, but it is not
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necessary that the voltage division across the transistors be

' equal. Ql may be given a small collector-emitter voltage of

perhaps 20 volts. Transistors are available with very fast
switching speeds at these voltage ratings. The pulse transformer
which also limits the output rise timés, may be completely elimi-
nated as shown in Fig. 2 by the use of PNP transistors in the
string. Their output is then a positive pulse which may be
capacitively coupled to the grid. This also removes the limi-
tation on maximum pulse length which the transformer imposes.

vw
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ELECTRONIC PARTICLE-PARAMETER ANALYZING SYSTEM
FOR AN ELECTROSTATIC HYPERVELOCITY PROJECTOR

I. INTRODUCT ION

Refinements of equipment and techniques used with the TRW
electrostatic hypervelocity acceleratorlhave enhanced its per-
formance and incrqased its versatility. Detector preamplifiers
have been improved to the point that much higher-velocity par-
ticles may be detected. 'In additiom, a high-repetition-rate par-
ticle injection system has been developed for use in experiments

requiring a large particle flux.

One complication that has arisen from improved accelerator
performance is that the increasing rate of data acquisition has
necessitated more complex computational procedures than those
originally used. In general, particle parameters are determined
from arithmetical computations involving the amplitude and dura-
tion of the detector signal and other system variables. Although
the calculations are straightforward, they are time consuming,
and this method is not practical for large volumes of data. This
problem has led to the development of an automatic particle param-

eter analyzing system described below.

II. ELECTRONIC X-Y PLOTTER

The main component of the system that has been developed
for automatic particle-parameter analysis is an electronmic X-Y
plotter. 1In this system each particle is represented by a point
on a two-dimensional display. The displacement of the point along
the Y axis is proportional to the charge on the particle, and the
displacement in the X direction is proportional to its transit
time through the detector. Since each particle is represented
by a single point, rather than by a rectangular pulse as in the
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former method, a large number of data points can be placed on a
single display before confusion arises. As will be shown later,
lines of equal radius and velocity can be drawn on the plot and
will form a number of irregularly shaped areas, each of which
correspond to a specific velocity and radius range. The radius
and velocity of each particle can be determined fairly accurately
by simply observing into which area the point falls.

A simplified block diagram of the X-Y plotter circuit is
shown in Fig. 1. The pulse from the particle detector is fed to
three separate circuits - a pulse stretcher, discriminator, and
differentiating circuit. The pulse stretcher produces a pulse
that has the same amplitude but is much longer than the input
pulse. The stretched pulse is applied to the vertical amplifier
of an osciliioscope and deflects the beam vertically by an amount
equal to the original pulse height. The oscilloscope sweep is
triggered when the detector pulse exceeds the threshold imposed
by the discriminator. The negative pulse from the differentiating
network, which occurs at the trailing edge of the detector pulse,
is fed to the oscilloscope brightener-pulse generator. The
brightener-pulse generator delivers a short-duration, rectangular
voltage pulse to the cathode of the oscilloscope. In operation,
the beam intensity control of the oscilloscope is adjusted so that
the trace is visible only when the brightening pulse is applied to
the cathode. Since brightening occurs at the trailing edge of the
pulse, and at the same time the vertical displacement is pro-
portional to detector pulse height, the position of the brightened

spot gives the desired information.

A further refinement makes provision for the display of
information regarding the effect of particle impact after the par-
ticle has passed through the detector. Generally this feature is
restricted to a simple "yes-no" type of response. The mechanism
for implementing this response is shown in Fig. 2. The stretched
pulse is applied to the vertical input of the oscilloscope as
before, but the output pulses from the differentiating network
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Figure 1. Simplified Block Diagram of the Basic X-Y Plotter
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are applied to two 100-psec duration delay multivibrators. The
first of these is triggered by the positive spike corresponding
to the leading edge of the detector pulse while the second is
triggered by the negative spike which occurs at the trailing edge
of the detector signal. The trailing edge of the output pulse
from the first multivibrator is used to trigger the horizontal
sweep of the oscilloscope. The differentiated pulse from the
second multivibrator is fed to the oscilloscope trace brightener
unit. If no further input is provided to the trace-brightener,
the trace is brightened in exactly the same manner as described

above except that it is delayed by 100 usec.

The "yes-no" feature is characterized by changing the
duration of the trace-brightener pulse. The electrical signal
from the experiment in question is applied to an electronic gate
and, if it appears in the time interval specified by the duration
of the»delay multivibrators, the output pulse from the trace-
brightener is several times longer. This results in points being
plotted for "no" events and short lines being recorded for "yes'
events. The analysis of particle parameters is the same in either
case. This feature has been particularly useful in experiments
which have been conducted on the initiation of voltage breakdown
by particle impacts?

e T Y

PARTICLE-P Y DPLOTTER
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The amplitude of a detector signal (or the displacement ot
a point along the Y axis when using the X-Y plotter) is given by

v.""é_ ’ (1)

where Vo is the signal amplitude in volts, q is the particle
charge, Cd is the capacitance of the detector, and G is the voltage
gain of the preamplifier. Defining Vo = ysv, where y is the

amplitude in scale divisions and Sv is the sensitivity of the

oscilloscope in volts/scale division, we get
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S. C
q-y["d] : (2)

G

Similarly, the duration of the signal (or X displacement is the
transit time ¢ through a detector of known length L. From this

we get

(3)

<
L]
Ajg

- _L
;]
xSs

where x is the signal length in scale divisions and Ss is the
sweep sensitivity in seconds/scale division. Substituting into

the conservation of energy equation,

2 (4)

1/2 mv® = qV

a s

where m is the particle mass and Va the accelerating voltage, and

rearranging, we get

2
23 3 Cc.v
m = vV s 3 d a yxz . (5)
GL

For spherical partiéles of density p, the radius r is obtained

from

v
r3 - vV s 2d a yxz i (6)
2%pGL

For any given experiment the quantities in brackets are constant

and are known. Thus we can write

3
r 2
—K— ¥x . (7)

Given the X and Y displacements of a given point, the radius of
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the particle represented by the point is determined uniquely for
a specified value of K. Furthermore, lines of equal radius can
be specified by plotting curves of yx2 = a constant.

To avoid the problem of generating and plotting new sets of
curves each time K is changed, we introduce two new quantities -
namely, a parametric radius R and an arbitrary constant Kl such

that

R 2
X yXx . (8)

By choosing an arbitrary value of Kl and letting R take on
different values, we can plot a family of equal-R curves. From

ct

hat

Egs. (7) and (8) we ses

1/3
K] R . (9)

3 3
R r
o SR [i;

The curves generated for R are universal. Once a specified value

for K is determined, the equal-R curves may be relabeled by use
of Eq. (9).
This procedure is illustrated in Fig. 3. First a set of

equal-R curves, with R taking values from 1 through 8 and K, =

5, were plotted. Then the data points recorded from a typi;al
oscilloscope photograph were plotted on the same graph. For this
run K = 2.84 x 1072%,  prom Eq. (9), r was determined to be
0.178R microns. The appropriate labels are shown in the figure.

It should be recognized, also, that the displacement of a
point in the X direction is proportional to reciprocal velocity.
Hence the velocity and radius of a particular particle can be
determined to some degree of accuracy by inspection. The radius
of a particle can be determined more accurately by interpolation
along a line from the origin to the point. Substituting the
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Example of Particle Parameter Analysis using the X-Y
Plotter. The Equal R Curves were generated from RS = 5
x y2. The data points were transferred from a photo-
graphic record of a typical run. The actual particle
radius in microns represented by each R curve is noted
at the left-hand terminus of each R curve.
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equation of such a line, y = Cx, into Eq. (7) yields r = x(CK)1/§

Thus measurement of the slope C and the X displacement yields r
precisely.
To facilitate measurements, an oscilloscope graticule with

equal-R curves etched on it has been prepared. Since the data may

be read directly from the photograph, the necessity of transposing
the data points has been eliminated.

vw
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J. F. Friichtenicht, TRW Space Technology Laboratories

ABSTRACT

A two-million volt Van de Graaff accelerator has been
modified so as to accelerate microparticles (dimensions the
order of microns) to high velocities for micrometeoroid simu-
lation, The modification will be described and the program of
research on the physics of high speed impact, which has been
undertaken using the facility, will be discussed,
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I, INTRCDUCTION

It has been well established that the spatial environment is
populated with a class of particulate matter referred to as meteoroids,
The existence and properties of these meteoroids have been inferred
from studies of the zodiacal light and observations of meteor trails
in the earth's atmosphere, More recently, artificial earth satellites
and probes have provided platforms from which direct measurements
could be made, The origin, composition, and properties of meteoroids
are of interest from a strictly scientific point of view. The same
propexrties also concern the spacecraft designer since collisions with

such bodies are a definite hazard to space vehicles,

Although the size of meteoroids varies over wide limits, it
appears that the bulk of the matter exists in the form of small particles
referred to as micrometeoroids, The smallest micrometeoroids may have
dimensions the order of a few tenths of a micron or so. Their ve-
locities relative to a spacecraft may be anywhere from zero up to about
85 km/second;w depending upon the orbits of the micrometeoroids and the
spacecraft, Interpretation of the direct measurements from space
satellites and observations of meteor trails has been hampered by the
lack of suitable test and simulation facilities and the lack of know-

ledge concerning the properties of high speed impact.

As a consequence of the requirements for micrometeoroid simulation,
members of the Physical Research Division of TRW/STL have been con-
ducting research in this area since 1957, This work has resulted in
the development of a device where small grains of matter are charged
electrically and accelerated to high velocities by electric fields.
The major components of this device are a charged particle injector
and a High Voltage Engineering Corporation two-million volt Van de
Graaff accelerator, The accelerator has been used in a program of
micrometeoroid research,since early 1961, The objective of this
paper is to describe the operation of this equipment and to give a
summary of some of the work which has been accomplished with it.
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Apnlications of the accelerator to meteoroid simulation have
proved to be many and varied. Some of the areas of interest in which
research has been conducted or contemplated can be placed in the

following arbitrary categories.
. Yicrometeoroid detector development program,

1
2. Meteoroid penetration studies.
wffects on spacecraft components and materials.

e

.

4., Simclation of meteors.

A brief description of some of the work accomplished in each of these

areas will be given below.

II. TiiZ FLECTRIC ACCELERATOR FOR METEORGCID SIMULATION

The electrostatic meteoroid accelerator is similar in most
resnects to conventional low energy ion accelerators; the oniy major
differcnce peing the mechanism by which the narticles are charged
and the narticles themseives. The velocity obtained by a charged

particle is given by
1
v = (2q V/m) /2 (1)

v is the charge on the particle, m is the particle mass, and

V is the accelerating voltage. The final velocity, therefore, is
limited only by the magnitude of the accelerating voltage and the
charge to mass ratio of the particles. The magnitude of the voltage
used in an electric accelerator is usually limited by economic

consideracions while the maximum charge to mass ratio is a more

where @

fundamental limitation.

In the particle charging mechanism developed by Shelton et al}

the particles to be charged are allowed to come in contact with a

small charging electrode which is maintained at a high positive

voltage with respect to its surrounding surfaces, This is accomplished
by a device illustrated schematically in Fig., 1, The particles to be
charged, in the form of a fine powder ; are stored in a box-like cavity.
A flat rectangular plate is supported in a plane parallel to the
surface of the powder and is normally maintained at the same electrical

potential. When a voltage pulse is applied to this tongue, an electric

——

2
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field is produced between the tongue and the particles on the surface.
The électric field induces a charge on the particles and if the elec-
tricqgl forces are sufficient to overcome inter-molecular and
gravitational forces, some of them will be lifted from the powder,
When;they strike the tongue they become charged in the opposite
direction and are repelled from the tongue, In other words, appli-
cation of a voltage pulse puts some of the particles in motion.
Their behavior is similar to that of molecules in a gas and because
of collisions with walls and other particles, some of them will
effuse out of the small hole and enter the region occupied by the
charging electrode. 1In this region, each time a particle comes in
contact with a surface it acquires a charge of the same polarity as
that of the surface and is repelled from it. Thus, particles in-
jected into this region bounce back and forth between the two halves
of the cavity. Because of this random motion some of the particles
come in contact with the small charging electrode. Since the
electric field at the surface of the charging electrode is much
greater than the electric field on other surfaces within the cavity,
the particles acquire a much larger charge. Some of the particles
leaving the electrode are intercepted by the small aperture on the
axis of the Van de Graaff accelerator tube, Those entering the

accelerator tube are subsequently accelerated through the full potential

difference of the accelerator.

The conversion of the conventional ion accelerator to a micro-
particle accelerator is straightforward, and has been described in
the literature? The ion source and its control circuits are replaced
by the charged particle injector and associated circuitry. A block
diagram of the components within the high voltage terminal of the
Van de Graaff is shown in Fig. 2.

The charge to mass ratio of the particle can be expressed in terms
of the electric field at the surface of the particle by

q . 3eoF

m pr

(2)

where €5 is the permittivity of free space, p is the density, and r
is the radius of the particle. 1In turn, it can be shown that the
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field of the particle after separation and charge redistribution is
proportional to the field on the charging electrode. The maximum
field to which the particle is subjected occurs when the particle is
in contact with the charging electrode. The limit of the charge to
mass ratio obtainable is determined by the maximum field which the
particle can sustain while in contact with the charging electrode,
Good and Mueller3 report that most metals are able to support positive
fields in excess of 1010 volts/meter. Beyond this limit, appreciable
ion evaporation occurs. Because of geometrical factors, sputtering,
and other effects this upper limit is generally not achieved. How-
ever, we have been able to consistently charge particles to a value
such that the surface electric field is about 2,5 X 109 volts/meter.

From Eq. 2 it can be seen that higher charge to mass ratios are
obtained for smaller particles and also for low density materials.
For most of our work we have used carbonyl iron spheres which are
readily available in the correct size range. A more limited amount
of work has been done with carbon black particles which, because of
their reduced density, obtain considerably higher velocities. The
performance of the TRW/STL electrostatic accelerator under nominal
operating conditions is illustrated in Fig. 3. Clearly the velocity
and mass ranges available do not match the natural meteoroid spectrum,.

However, the area of overlap is sufficient to allow useful experi-

mentation,

The presence of charge on the accelerated particles has led
to the development of electronic detectors for the measurement of
particle velocity, charge, and mass. A detector comsists of an
insulated drift tube mounted ccaxially with the beam of particles
from the Van de Graaff, The passage of a charged particle through
the detector induces a voltage on the detector which is proportional
to the charge on the particle and inversely proportional to the
capacitance of the detector to ground. The duration of the signal
is simply the transit time of the particle through the detector while
the amplitude is proportional to the particle charge. In operation,
the signal from the detector is amplified and displayed on an
oscilloscope and photographed for later analysis. Having measured
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the particle velocity and charge. and knowing the voltage through which
it has been accelerated, the mass of the particle is computed from

Eq. 1.
In summary, some of the features which make an electric
accelerator particularly adaptable for micrometeorcid simulation

are as follows:

1. The entire experiment may be conducted in a vacuum
environment,

2., The frequency of injection of particles and the
number of particles injected are controlled

elegtrically.

3. The particle parameters of each particle are
measured electronically prior to impact,

4, High repetition rates may be obtained thus
providing rapid data acauisition,

5. Due to the non-destructive accelerating technique,
reliable operation is obtained with minimum down time,

I1I. DETECTOR DEVELOPMENT PROGRAM

The problem of determining micrometeoroid parameters by means
of instruments aboard earth satellites is not trivial, The detection
process can be characterized as the remote analysis of a high speed
collision between bodies, where the parameters of one of the bodies
is completely undetermined. In most instances the response of the
detection system to the event is not known, The objective of the
detector development program is to assist in the development of
sensors by the investigation of those properties of high speed impact
which are appropriate, This facility is also used for tests and
calibration of completed sensor units,

Since the recovery of instruments from satellite vehicles is
complicated and expensive, it is clear that sensors which respond
to some transient effect cccurring upon meteoroid impact would be
desirable. Consequently, most of our work has been concerned with
this type of effect. As an example, consider the impact ionization
process, We have concluded that some of the atoms near the impact
site of a high speed particle are ionized by the large energy release
associated with the impact. The emitted charge, which is either
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positive or negative, can be collected by means of electrically biased
collectors and the resulting signal may be used in various types of
meteoroid detectors., The quantity of charge emitted depends upon
particle velocity and mass. and upon characteristics of the materials
in question. An experimental study of this effect was undertaken

and some of the results are illustrated in Figs. 4 and 5, These

data were obtained by allowing particles from the accelerator to pass
through a grounded grid and impact upon the surface of a thick target .-
which was biased relative to the grid. A sensitive preamplifier was
connected to the target and the total charge leaving the target was
measured., For the cases illustrated here, the target was biased
negative with respect to the grid so that the signal représented the
emission of negative charge from the target. However, the results of
opposite bias; which measures the emission of positively charged
particles; are virtually indistinguishable from these data.

Figure 4 shows the *total ~harge eritied;, norpalized to N, the
number of atoms in the impacting particle as a function of particle
velocity for a tungsten target. Both iron and carbon particles were
used in this experiment., It is found that a good empirical fit is
obtained to these data by an expressicn of the form
KBpv

A 3)

Qg ™

where Ep is the kinetic energy of the particle, v the particle velocity,

and A the molecular ht of the parti

r weight All of the t

o Tl odrmo -
W bl MNRAE i & © & s WD o Ad A A i T2 98 -3 [ %3

a arge

materials examined appeared to fit this particular relationship,

The material dependence is illustrated in Fig. 5. Here we show
smoothed curves of the type illustrated in Fig. 4 for several target
materials, It can be seen that the materizls examined fall into two
distinct categories., More charge is emitted from the tantalum,
tungsten and platinum targets than from targets of copper, beryllium-
copper, indium and lead. It is almost certain that the quantity of
charge emitted is a function of more than one characteristic of the
target material. Because of the complexity of the problem, no attempt
has been made to explain material dependerce as yet. However,
certain characteristics of the materials exhibit a similar grouping,
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For example, Ta, W, and Pt all have higher melting and vaporization
temperatures than the others. Also, the same materials are classified
as good thermionic emitters, while the others are not., Perhaps the
most significant property of all is that of resistance to hyper-
velocity penetration. The craters produced in Pb, In, Cu, and Be-Cu
are generally much larger than those in Ta, Pt énd W. Investigations
of this effect and similar effects are continuing.

The accelerator has been used for test and calibration of
several sensor instruments, For example, we measured the crystal
transducer response and the minimum sensitivity of the light flash
detectors flown on Ranger I, These measurements have been reported
by Alexander and Berg? A fhin film penetration detector was flown
on Explorer VII by LaGow and Secretan? Analysis of their data was
contingent upon results obtained in laboratory tests with our
equipment., At the present time, we are involved with NASA personnel
on tests of a multi-parameter micrometeoroid detector system planned

for the EGO series of spacecraft.

IV. METEOROID PENETRATION STUDIES

Although we have done very little work in the area of penetration
studies, such work will become more necessary as increasingly ambitious
space probes are developed. As noted before, meteoroids are a definite
hazard to spacecraft and spacecraft must be protected from the effects
of such impacts. Because the weight of protective shielding must be
included in the weight of a final payload, it would be desirable to
keep shielding weight to a minimum. A fairly good knowledge of
meteoroid penetration capabilities is required to adequately assess
the problem., Practically no experimental measurements on high velocity
penetration at velocities in excess of 10 Km/sec exist, Present
estimates of meteoritic penetration are based on the hydrodynamic model
of hypervelocity impact first proposed by BJork? The validity of this
model has not been verified. The electrostatic accelerator has the
capability of producing high speed particles in the velocity range of
interest. 1In particular, the use of carbon particles results in
yelocities exceeding 20 km/sec which is in the regime where the Bjork
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theory is applicable.

In conventional terminal ballistics studies, a crater is produced
in a semi-infinite target and the dimensions of this crater are
correlated with parameters of the impacting projectile. Because of
the small size of the craters produced by particles from the electro-
static accelerator, sophisticated electron microscopy techniques must
be employed in order to achieve quantiiative results. Figure 6 is
an electron micrograph of a crater produced in an aluminized glass
target by the impact of a relatively low velocity iron particle.
Clearly, the detail necessary for precise measurement is available,
Figure 7 illustrates ordinary microphotographs of craters in a lead
target. These craters are the order of 10 microns in diameter and
are subject to precise measurement under properly controlled conditionmns.

V. EFFECTS ON SPACECRAFT COMPONENTS

In many instances, it is not possible to mechanically shield
certain components of spacecraft. Aside from catastrophic damage,
which is more properly treated under the preceding topic, the operation
of such components could be adversely affected by continual micro-
meteoroid bombardment. For example, some surfaces are especially
selected for specific thermal radiation properties for temperature
control purposes. Changes of these properties by the erosive effects
of micrometeoroid bombardment would ultimately upset the temperature
balance and could seriously hamper spacecraft performance. Likewise,
the surfaces of optical components would be damaged by such bombard-
ment., Effects of this kind would not become important until an
appreciable portion of the surface in question has been damaged. It
is clear from present knowledge that this can occur only after an
extended period in space.

In order to simulate this kind of damage in the laboratory, it
is necessary to bombard the target sample with large numbers of
particles, We have tested charged particle injectors capable of
injecting particles at a rate in excess of 10 particles/second so
that sufficient damage can be inflicted in a day or two of running
time. Although we have not conducted these kind of experiments,
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it is clear that the; are fea:;sible, The results of these experiments
would be a valuable contribution to the art of designing spacecraft

for long term operation.

In other types of equipment, the impact of a meteoroid could
initiate transients which could effect the overall performance of the
equipment, For example, an ion propulsion engine which utilizes the
contact ionization concept exposes many vulnerable parts to micro-
meteoroid bombardment. The effects of such bombardment can be broken
up into short and long term effects. The latter would include erosion
and pitting of surfaces and contamination by ingestion of meteoritic
material. Short term or transient effects include micrometeoroid
initiated electrical breakdown. Since ion engines operate close to
the electrical breakdown point, an impact which causes charge emission
in a manner similar to that described above might trigger a discharge.
How damaging such a discharge might be would depend on the particular
circumstances, the environment of ions and neutral atoms, the field
strengths and voltages, surface conditions, as well as the size and

location of the impact.

We are presently involved in assessing this particular problem.
From preliminary results, it is clear that micrometeoroids are capable
of initiating discharge under certain conditions., Whether such dis-
charges pose a hazard to ion engine operation remains to be seen and

will be the subject of more extensive research.

VI. SIMULATION OF VISUAL METEORS

As was mentioned earlier, much of what we know about the natural
meteoroid spectrum was deduced from the observation of visual meteors.
There is little doubt that the mechanism by which a meteoroid entering
the earth's atmosphere produces a luminous trail is generally under-
stood. The incoming particle, traveling at a high velocity, collides
with atmospheric molecules at high altitudes. Because¢ of molecular
bombardment at relatively high energies, the particle quickly heats up
until its temperature becomes limited by vaporization or ablation.
Vaporized atoms carry with them the meteoroid velocity. These atoms
become excited by collisions with atmospheric gas molecules and emit
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visible radiation., Since the atmospheric density is low, the mean
free paths are such that the evaporated atoms may radiate their
excitation energy at large distances from the original meteoroid,
A typical luminous trail is 10 or 20 kilometers long and several
hundred meters in diameter, For most meteors the trail ends when
the mass of the meteoroid has been vaporized.

There is widespread agreement on this general description, but
the specific details of the various interactions involved are in
doubt., Very little experimental data is available due, primarily,
to the difficulty in performing experiments at hypervelocities
and low gas pressures in the laboratory. For natural meteors, the
aérodynamic flow is of the free molecular type, i.e., the mean free
path of the gas molecules 'is auch larger than particle dimensions.
Thus,; in order to simulate meteor phenomena with large high speed
particles, the gas pressure of the target must be very low and the
interaction distances required for experiments would be hundreds of
meters long. With small particles, however, the pressure of the
gas may be adjusted so that the experiment can be performed within
a few meters. The interpretation of experiments conducted with very
small particles is aided by the fact that the particle is at sub-
stantially the same temperature throughout because of the short
thermal time constant. In general, this is not the case for natural
meteors. On the other hand, the drag forces acting on a natural
the

&N

meteor do not slow it down appreciably. For small particles
change in velocity because of drag forces must be taken into account,.

In the usual formulation of meteor physics, the phenomenon of
visual meteors is described by three equations each containing an
unknown constant., The first of these equations is the so-called
drag equation which is given by

d 2
m g5 = [pSv (4)

where m is the mass, v the velocity, p the atmospheric density,

S the cross-sectional area of the particle, and rﬂis the drag co-
efficient. The value of the drag coefficient depends upon the geometry
~of the particle and the exact nature of the interactions of the gas
molecules with the surface of the particle. A second meteor equation
is the energy balance equation which describes the ablation of the



- - ——

9804-6008-RU-000
Page 11

meteor;

Cg%l-- --‘%-‘Spv3 (5)
where { is the heat of ablation or vaporization, and_ﬁLis the fraction
of incoming energy which heats the particle and is called the heat
transfer coefficient. The third equation describes the intensity of
light from a meteor trail and is given by
dm| 2 (6)

T |[dm
I at

2

where I is the light intensity and + is the luminous efficiency.

In application of these equations to experiments, v, %%: P>

and I are measured by photographic techniques. Values of[“,j\, g,
and r are assumed. The value of m is obtained by the simultaneous

It can be recognized that the quantities r:j\, and Tt can be
measured under certain conditions, In some respects the electro-
static accelerator is uniquely qualified for measurements of this
kind. A fairly comprehensive investigation of this phenomenon has
begun, and preliminary results have been reported by Slattery et a17.
The experiments are accomplished by allowing particles from the
accelerator to pass through a differential pumping system into a
target chamber which is filled with gas at a few mm of Hg pressure,
The flight of the particle through the gas can be followed by two
methods. When the particle first enters the gas, it retains its
charge and its position can be monitored by means of charged particle
detectors similar to those described in Section II., At some point
along its path, the particle absorbs sufficient energy to melt. At
this time, the charge of the particle drops because a molten particle
is unable to support the high field at its surface. Usually suffi-

cient charge remains to continue measurements with the charged particle

detector, Still later, the particle reaches vaporization temperature
and the charge on the particle is lost very rapidly. However, prior
to this time, radiation is being emitted which can be observed with
photomultiplier tubes. From the onset of light emission, the position
of the particle is monitored by a linear array of photomultiplier
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tubes. This technique is applicable until the particle is completely
vaporized or until it loses sufficient energy to stop radiating.

Our preliminary investigations have been concerned with measure-
ments of the drag coefficient and the heat transfer coefficient under
rather special conditions. The drag coefficient is determined by
simply measuring the position as a function of time for a given
particle and applying Eq. 4, above., We have measured the drag
coefficient for gaseous targets of oxygen, argon, and air at
pressures from one to two mm of Hg. In all cases the measured
drag coefficient is nearly unity.

Values for the heat transfer coefficient were obtained for each
of the target gases also, However, our measurements were made for
the special case of a solid particle. For this special case, %% is
zero and Eq. 5 does not apply. To find A (defined as the heat
transfer coefficient for a solid particle) we equate the energy re-
quired to melt the particle to the energy delivered over the time
required for the particle to reach its melting point, 1i.e,

mC AT -‘[oT 3 eaviat (D)
where C is the specific heat andl&T is the change in temperature.
The integral was evaluated by direct measurement of v as a function
of t for each particle., Assuming that the specific heat and the
heat transfer coefficient are constants from room temperature to
melting temperature, the values we obtained are as follows:

A oxygen = 1,06 * 0.03
A argon = 0,90 ¥ 0,08
A air = 0.8 ¥ 0,07

It should be noticed that the value of A for oxygen is greater than
l. This is not surprising since the iron of the particle and the
OXygen can combine chemically to produce an apparent efficiency of
greater than 100%.

Figure 8 illustrates the results of a typical experiment. It
was from data like these that the values of A and r‘were obtained,
‘ In Fig. 8, the velocity as a function of time was obtained by the
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charged particle type of detector, The temperature curve was computed
using the experimental data and Eq, 7. The temperature curve has not
been corrected for radiation losses, but the energy loss by radiation
is very small compared to the rate of energy input to the particle,
The light intensity as a function of time was obtained by the array

of photomultiplier tubes mentioned above, but was not used for
quantitative measurements. It is shown simply to demonstrate at

what point appreciable radiation is observed,

In some respects the measurements described in the preceding
paragraphs can be classified as molecular beam physics where the
roles of the target and the gas have been reversed. These experi-
ments are equivalent to bombarding a target with molecular beams
with energies of from 1 to about 10 eV. This range of energies is
extremely difficult to obtain by other techniques and we feel that

a great amount of work remains (o be dome in this particular area,.

VII. SUMMARY

In the preceding paragraphs I have attempted to describe an
accelerator whose operation and applicability to certain types of
experiments is unique. The discussion has been in very general
terms and it is reasonably certain that many other specific appli-~
cations will be uncovered as research with this equipment continues,

Finally, I would like to acknowledge the contributions of my
co-workers who were responsible for much of the work described above,
These include D. G. Becker, Dr, B. Hamermesh, and Dr. J. C, Slattery.
Also, the earlier work of Haywood Shelton, R. F. Wuerker and R, V,
Langmuir made the construction of the accelerator possible. Much of
the work described above has been conducted under NASA sponsorship.

jr
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Fig. 7. Typical Micrographs of Craters in Lead Targets.




Page 22

9804-6008-RU~000

(SLINN  AYVY118YV)

ALISNILNI

1HOIT 3AILVI3Y

*SJ0938N JO uorlernwIiS a9yl Surjexisniil sSaAaan) °g
(SANOZ3ISOMIIN) IWIL
02l Ol OOl 06 08 OL 09 0OS O O 02 O O
1 | | I T I 1 | I I 1
ol
02
. ALISNILNI
0€ - LHOIN
oY | 34NLVY3IdWIL .
G31NdWO0D
o¢ ﬁ
09 | -
o8t —
06
23S/WM H0'G =Oa ALIDOT3A
NOYDIN 9v0 =Y
OH W 2'2 LV N3I9AXO
| | | | | | | | | 1 |

‘313

0

000l

0002

000¢

JYN1LVI3IdWN3EL

(NIAT3X S33493Q)

(O

Q
0p)

o
¢

(ORY

0’9

ALID0T3A

(O3S /7WX)



IONIZATION ASSOCIATED WITH HYPERVELOCITY IMPACT

APPENDIX I



8699-6002-RU-000

14 March 1963

"JONIZATION ASSOCIATED WITH HYPERVELOCITY IMPACT"
by
J. F, Friichtenicht and J. C. Slattery

Prepared for:
National Aeronautics and Space Administration
Washington D.C.

Contract No. NASw-561

PHYSICAL ELECTRONICS LABORATORY
Physical Research Division

Space Technology Laboratories, Inc.
a Subsidiary of Thompson Ramo Wooldridge, Inc.
One Space Park, Redondo Beach, California



——~———— .

8699-6002-RU~000

IONIZATION ASSOCIATED WITH HYPERVELOCITY IMPACT

ABSTRACT

Interest in the development of micrometeoroid detection
systems has led to a program of research at Space Technology
Laboratories, Inc., where efforts have been concentrated on
phenomena associated with hypervelocity impact which have
properties applicable to such systems. It has been found that
electrically charged particles are emitted irom the site of a
hypervelocity impact. Presumably, the large energy release
associated with the impact is sufficient to produce ionization
and the ions or electrons can be extracted by means of elec-
trical collector systems. The quantity of charge emitted from
semi-infinite targets as a function of target material, pro-
jectile material, and particle velocity and mass was measured.
The experiments were conducted with micron-sized iron and
carbon black (graphite) particles from the STL electrostatic
hypervelocity accelerator. Data were collected for veloci-
ties up to 16 km/sec. All of the data fits the empirical
relationship QC = K E !, where Qc is the charge collected,

P A
K a constant, E_ the particle energy, A the atomic weight of

P
the particle material, and v the particle velocity. The
quantity K contains target material parameters and has not
been evaluated, as yet. Qualitative observations of ioniza-

tion produced from thin foil impacts have also been made.
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I. INTRODUCTION

An increasingly large effort has been devoted towards the
direct measurement of small bodies in space in recent years. The
properties of meteoroids and cosmic dust particles are interesting
from both the engineering and scientific points of view, and it
appears that experiments pertaining to these particles will be
continued for some time to come. The experimental techniques for
determining the quantity and properties of particles in inter-
planetary space by means of instruments aboard satellites and
rocket probes and the results of some of the measurements are dis-
cussed briefly in a recent paper} Although all of the data are in
reasonably good agreement, it is evident that additional, more
refined experiments, are required. One of the difficulties en-
countered in this type of experiment is the development of sensi-
tive, reliable particle sensors.

Generally speaking, the encounter between an earth satellite
and a meteoroid in space takes the form of a hypervelocity impact
with the meteoroid serving as the projectile and the sensor as
the target. The impact velocity may range from nearly zero up to
85 km/sec depending upon the relative orbits of the satellite and
the meteoroid. The size range of the particles is also extremely
large, although the frequency of occurrence increases with
decreasing size. The smallest of them may be only a micron or so
in size. Thus, the problem of assessing the characteristics of
interplanetary dust can be described as the remote analysis of a
hypervelocity impact of a projectile of unknown mass, velocity,
composition, and direction, and whose velocity may be such that

1w. M. Alexander, C. W. McCracken, L. Secretan, and O. E. Berg,

"Review of Direct Measurements on Interplanetary Dust from
Satellites and Probes", oral paper presented to the COSPAR
Meeting, May, 1962.
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the impact mechanism is not adequately understood. Considering
these complexities, the good agreement of the existing data is all

the more remarkable.

Most of the experiments have utilized a crystal transducer
type sensor. The assumption is made that the magnitude of the
electrical signal resulting from meteoritic impact is proportional
to the momentum of the meteoroid. If an average velocity is
assumed, the mass distribution of particles can be obtained from
this instrument. It is clear from the nature of these assumptions
that the development of more sophisticated sensor elements would
be desirable. Consequently, Space Technology Laboratories, Inc.,
has been involved in a research program on those properties of
hypervelocity impact which might serve as a basis for meteoroid
detection systems. The program has been sponsored by the NASA .
under Contract Nos. NASw-269 and NASw-561. One of the properties
under study has been the emission of charged particles associated

with hypervelocity impact.

* A

We have concluded that some of the atoms near the impact s.ic
of a high speed particle are ionized by the large energy release
associated with the impact. The emitted charge (either positive
or negative) can be collected by means of electrically biased
collectors and the resulting signal may be used in various types
of meteoroid detectors. The quantity of charge emitted depends
upon particle velocity and mass, and upon characteristics of the
materials in question. An experimental study of this effect was
undertaken and results of these experiments are described below.

II. GENERAL EXPERIMENTAL TECHNIQUES

The STL electrostatic hypervelocity projector was used as a
source of high speed particles for all of the work described in
the following paragraphs. The operation and properties of this
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accelerator have been described in the literature2 and need not

be discussed here.

The electrostatic method of accelerating particles is
generally restricted to particles with dimensions the order of
microns or smaller. Carbonyl iron and carbon black (graphite)
particles were used in these experiments. The iron particles were
quite spherical while the carbon particles were somewhat more
irregular in shape. The average size of the iron particles was
about 1.5 microns diameter while the average carbon black particle
had a corresponding dimension of about 0.6 micron. Particle
velocities ranged from 1.5 to 16 km/sec depending upon particle
material and size. The upper part of the velocity spectrum was
obtained with the carbon particles while the iron particles were
restricted to velocities of 10 km/sec and less. The velocity and
mass of each particle were measured prior to impact by techniques
described elsewhere? The size of the particles was then computed
from the known mass and density. For the iron particles, the
radius can be computed exactly. For the slightly irregular carbon
particles we defined an effective radius, r, as the cube root of

the quantity ﬁgi, where m is the mass and p the density.
LI

For the experiments where the resulting signal was electrical
in nature, the signal was displayed on one trace of a Tektronix
Model 551 dual-beam oscilloscope while the signal from the particle
velocity detector was displayed on the other trace. The signals
were photographed with a Polaroid camera for later analysis.
Time-of-flight techniques were used to correlate the observed event
with the particle producing the event in order to eliminate
spurious measurements,

2

J. F. Friichtenicht, "Two-Million-Volt Electrostatic Accelerator
for ngervelocity Research" ; Rev. of Sci. Inst., Vol. 33, 209
1962) .

H. Shelton, C. D. Hendricks, Jr. and R. F. Wuerker, "Electrostatic
Acceleration of Microparticles to Hypervelocities", J. Appl. Phys.,
Vol. 31, 1243 (1960).

3
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III. IMPACT IONIZATION FROM THICK TARGETS

A. Experimental Procedures

The geometrical configuration of the detector and collector
system used in examining charge emission from thick targets is
illustrated in Figure 1. Particles from the accelerator pass
along the axis of a velocity-charge detector, pass through a grid
structure, and impact upon the surface of the target sample at
normal incidence. For all of the measurements discussed here, the
target was biased 300 volts negative with respect to the grounded
grid. With this bias, negative charge produced at the target sur-
face is repelled from the collector while positive charge is
retained. The quantity of charge retained by the target is deter-
mined from the relationship q, = C V, where C is the electrical
capacitance of the collector and V is the amplitude of the induced
voltage signal. The RC time constant of the collector system was
made long compared to the signal duration so that the signal is
proportional to charge as opposed to current flow. We had previ-
ously determined that the quantity of collected charge was nearly
independent of the polarity and magnitude of the bias voltage for
biases exceeding a few tens of volts. For this work, the choice
of bias voltage and polarity was made arbitrarily and it is
assumed that corresponding results would be obtained with dif-

ferent choices
Ieren neices

Figure 2 is a tracing of a typical photographic—record of
an event. In this case; a copper target sample was used. The
particle detector signal is displayed on the lower trace while
the collector charge signal appears on the upper trace. Since the
impacting particle is charged; a voltage signal is induced on the
collector independently of that produced by subsequent charge
emission. This effect accounts for the structure on the upper
trace. The particle charge produces the first step in the signal
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Figure 2. Tracing of an oscillograph obtained from the
thick target measurements
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while the charge emission effect accounts for the remainder. The
total charge emitted is obtained by subtracting the particle
charge from the total signal. In cases where the signal from the
particle charge was small compared to the total, the particle
charge was determined from the particle detector.

B. Velocity Dependence of Impact Charge Emission

Since few theoretical guidelines were available to assist us
in interpretation of the experiments, the data were compared on a

more or less empirical basis*

For the purposes of discussion, assume that the amount of
charge liberated upon impact is proportional to the kinetic energy
of the particle. Further, assume that the energy term is modified
by a velocity dependent function which takes into account thresh-
old effects and variations of cratering mechanisms with velocity,

i.e., Q. Ep f(v). This is equivalent to

==k, vt (1)

where m is the particle mass and Kl is a constant of proportion-
ality.

To evaluate f(v), the quantity, Qc/rsj (which is eguivalent
to Qc/m for a given particle material) was plotted as a function
of particle velocity for all of the particle-target combinations
used. Figures 3 and 4 show these plots for iron particles
impinging on targets of tantalum and indium respectively, while
Figure 5 shows data for carbon particles on a tungsten target.
Generally speaking, these data exhibit little scatter and the

*The format of the succeeding sections is primarily chronological
in nature. The data are presented in this way to illustrate the
evolution of the final result,
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data points tend to lie along straight lines on' the logarithmic
presentation. The slope of the lines, drawn by eye through the
data points, is about three for all of the material and particle
combinations used. This implies that f(v) ® v, Consequently, we
can write

-k v (2)

Q%

It should be emphasized that this is an empirical relationship
and is valid only for the conditions described above. It can
readily be seen, for example, that the expression is invalid for
massive particles at very low velocities since charge emission
does not occur under those circumstances. Yet, Equation (2) pre-
dicts a charge emission proportional to n.

C. Target Material Dependence

For a given particle mass and impact velocity, the quantity
of charge emitted is dependent upon the target material. This is
illustrated in Figure 6 where smoothed curves are plotted for each
of the target materials. These data were obtained with iron
particles. It can be seen that the materials examined fall into
two distinct categories. More charge is emitted from the Ta, W,
and Pt targets than from targets of Cu, Be-Cu, In, and Pb, With
the possible exception of lead, all of the targets exhibit identi-
cal results.

It 1s almost certain that the quantity of charge emitted is
a function of more than one characteristic of the target material.
Because of the complexity of the problem, no attempt has been
made to explain the material dependence. However, certain charac-
teristics of the materials exhibit a similar grouping. For
example, Ta, W, and Pt all have higher melting and vaporization
temperatures than the others. Also these same materials are



8699-6002-RU-000
| Page 12

1% 107
|
| 0.6

| 0.4 -

f 0.2

(COULOMBS/METER®)
o
-
|

0.2}

0.2

| 1 L1 1111 | L
] 2 4 6 810 20 40

PARTICLE VELOCITY (KM/SEC)

1 X 104

Figure 6. Q/r3 vs. v for iron particle impacts on several target
materials.



8699-6002~RU~-000
Page 13

classified as good thermionic emitters while the others are not.
Perhaps the most significant property of all (based on the dis-
cussion of the next section) is that of resistance to hyper-
velocity penetration. The craters produced in Pb, In, Cu, and
Be-Cu, are generally larger than those in Ta, Pt, and W.

D. Particle Material Dependence

As mentioned earlier, both iron and carbon particles were
used in these experiments. The relationship given by Equation (2)
appears to fit the experimental results for both kinds of particles
separately, but does not yield consistent results for both kinds
of particles impacting on identical targets. When normalized to
particle mass, the amount of charge produced by carbon particles
was greater than that produced by iron particles at a given impact
velocity. In order to explain this difference, one must invoke a
mechanism for the charge production process. Initially, the
assumption was made that the charge produced at the impact site
was strongly dependent upon the energy per unit mass imparted to
the target material. The quantity of charge collected would
depend upon the extraction mechanism. For example, the charge
could be dependent upon either the surface area or the volume of
the emitting material. Application of several combinations of
hypervelocity penetration formulae and assumed extraction mecha-
nisms failed to provide the desired agreement. All of these
hypotheses assume that the bulk of charge results from ionization
of atoms of the target material. Failure to achieve correlation
in this manner led tc the development of the model discussed
below.

Let us assume that most of the charge results from ioniza-
tion of atoms of the impacting particle. The number of atoms
ionized depends upon the number available, the energy required |
for ionization, and the energy available for ionization. The
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kinetic energy of the particle is dissipated in several ways and
the relative amount available for ionization is impossible to
predict on the basis of existing knowledge on hypervelocity im-
pact. Therefore, let us again adopt the empirical approach.
Rather than normalizing the charge to the particle mass, let us
normalize it to the number of atoms in the particle. This
quantity, QC/N is plotted as a function of velocity for iron and
carbon particle impacts on a tungsten target in Figure 7 and for
a lead target in Figure 8. Since N is proportional to m, the same
v3 dependence is obtained. However, the agreement between the
results of using iron and carbon particles is much better in this
case. Normalization to the number of atoms is equivalent to the

No 3
QC - K2 T myv (3)
where No is Avogadros number, A the molecular weight of the par-
ticle étoms, and Kz a constant of proportionality. Equation (3)
can be rewritten in the form

. (4)

From this we see that Qc depends upon the kinetic energy of the
particle and upon a quantity which can be interpreted as a
factor which determines the fractional part of the energy which
is available for ionization. The role of the target in this
interpretation is simply that of resisting penetration by the
particle. The higher the resistance, the larger is the fraction
of energy which goes intoc ionization.

The problem resulting from empirical data analysis is that
one has difficulty in attaching physical significance to the
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results. The choice of Y as a multiplying factor is strictly
empirical and we cannot gustify it from a physical point of view.
Despite these drawbacks, one must have a framework within which
to work and the approach used in the preceding section provides
such a framework. Additional experiments should be helpful in
developing physical concepts to describe the charge emission
phenomenon.

IvV. IMPACT IONIZATION FROM THIN TARGETS

Ionization produced by particle impacts on thin foils has
also been the subject of experimental investigation. The
observations have been more qualitative in nature than thick tar-
get measurements because of the increased complexity. A brief
di scussion of the more interesting observations is given in the

following paragraphs.

We have found that electrical charge is produced by a high
speed particle impact on a thin foil. The charge can be collected
by means of various types of electrically biased collectors placed
on the '"downstream'" side of the foil. Generally, we find that the
charge collected is greater in magnitude than would be predicted
on the basis of thick target measurements. One possible explana-
tion of the the results (suggested by O. E. Berg from NASA) is
that ""spray" particles from the foil interact with the surface of
ollectors. Each spray particle would produce charge upon impact

(¢}

in a manner analogous to that described in Section III.

Since the velocity and size distribution of spray particles
is dependent upon the nature of the impact, qualitative analysis
is difficult. The nature of the impact depends upon particle
velocity and the thickness of the foil relative to the size of
the particle. We have observed at least three types of impacts,
namely: (1) those where the energy loss is small and the particle
passes through the foil intact; (2) those where particle break-up




8699-6002-RU-000
Page 18

occurs; and (3) those where the particle appears to be completely
vaporized. A recently developed technique has enabled us to
photograph these events. The foil is placed in the high pressure
region (pressure the order of a few mm Hg) of a differential
pumping system. Debris from a high speed impact interacts with
the gas leaving trails which can be photographed with the aid of

a sensitive image intensifier tube. Typical photographs are shown
in Figure 9. Figure 9-a shows a particle which passes through the
foil with only a slight brightening of its trail. The fragmenta-
tion of a particle is illustrated in Figure 9-b. In this case,
large discrete trails are left by the fragments. Complete vapor-
ization of a particle is shown in Figure 9-c. These are un-
retouched photographs and the consistent pattern on the photographs
is the result of a low=level image intensifier background which is

repetitive from photograph to photograph.

V. SUMMARY

Preliminary experiments on the impact ionization effect have
been described along with an empirical analysis of the results.
Clearly, more definitive measurements are required to adequately
assess the impact ionization effect. A continuing program of
research may answer some of the questions raised by the results
of experiments described above. The authors wish to express their
appreciation to Mr. N. L. Roy for his invaluable assistance in
the acquisition of the data described in this report.
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o

Figure 9. Photographs of particle impacts on an 800 A

thick gold foil in a 1low pressure oxygen
atmosphere.
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IMPACT IONIZATION FROM FRAGILE TARGETS*

I. INTRODUCTION

The properties of hypervelocity impact on fragile or granular
targets is of interest bécéuse of‘the similarity to meteoroid impact
on the moon. There is considerable evidence to support the *dust
layer" hypothesis for the lunar surface. The effects of meteoritic
impact on the formation and moderation of such surfaces are not well
understood. A number of experimenters, principally Gault, et al1
from NASA Ames Research Center, have conducted cratering and
Penetration measurements on granular targets and have studied the
properties and magnitudes of ejected material. This work was done

. . A
using light gas gun technigues and was primarily con ncd w

simulation of meteoritic impact on the lunar surface.

It was first suggested by Maurice Dubin2 of NASA Headquarters
that the impact ionization effect and observations of high-speed im-
pact in a low pressure gas environment might be valuable diagnostic
tools for measurements of this type. The sections below describe the
initial experiments done on the impact ionization effect using
fragile targets.

II. EXPERIMENTAL PROCEDURES

Earlier works indicates that the rapid energy release associ-
ated with the impact of high-speed particles on metallic surfaces
results in vaporization and ionization of material near the impact
point. For a number of particle-target material combinations, it
was found that the total charge produced upon impact Q fits the
empirical relationship

3

Q=Kk mv (1)

*This,work supported by the NASA under Contract NASw-936.
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where m and v are the particle mass and velocity, respectively, and
k is a constant depending upon the materials involved. For a given
particle material, Q depends upon the target material. All of the
materials tested fall into two distinct groups. At a givem velocity,
more charge is produced with tungsten, tantalum, and platinum
targets than with targets of indium, copper, berrylium-copper, and
lead. Our interpretation of these results was that the primary role
of the target was resistance to penetration which limits the energy
release to a smaller volume.

The objective of the present experiment is to study the
effect of target structure on the amount of ionization produced
upon impact by a high velocity particle. The measurements were
conducted in much the same manner as described in Ref. 3. The TRW
Systems electrostatic hypervelocity accelerator4 was used for all
of the measurements. After passing through detectors for measure-
ment of particle velocity and mass (see Ref. 4), the particles im-
pacted on the target surface at normal incidence. A grounded grid
is placed in front of the target. For this experiment, the target
was biased 300 volts negative with respect to the grounded grid.
The target to grid spacing was about 3 mm yielding an electric field
at the target surface of 105 volts/meter. In this arrangement, free
electrons created at the target surface are repelled while the positive
ions are retained, thus producing a positive signal. The signal is
amplified by a high input impedance amplifier and displayed on a
dual beam oscilloscope along with the detector signal. The decay
time constant of the input stage of the preamplifier is such that
the amplitude of the output signal is proportional to total charge
detected. The portion of the signal due to the particle charge was
subtracted to yield the net charge created by the impact.

Two types of targets were used; one was a solid target of
Armco iron while the other was a target made up of carbonyl iron
spheres identical to those used in the accelerator. The targets
are presumed to be similar except in structure, i.e., the iron
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spheres were very loosely bound. The particulate target was formed
by milling a recess in a slightly magnetized holder. Particles were
placed in the recess and smoothed as much as possible with a knife
blade. The retaining power of the magnet was sufficient to hold the.
particles in place even when the target was in a vertical position.
To ensure that target geometry was reproduced, a small disk of Armco
iron was machined to fit the recess for use as the solid target.

III. EXPERIMENTAL RESULTS

The results of the experiment are illustrated graphically in
Fig. 1 where the net charge produced Q is normalized to particle
mass and plotted as a function of velocity for both types of targets.
The points represent the data acquired with the solid target while
the crosses represent the particulate target data. within the
scatter exhibited by the data points, there appears to be no marked
difference in the impact ionization produced between the two types
of targets at high velocities. Both sets of points follow the v3
dependence which has been noted before. At lower velocities
(~ 6 km/sec and smaller), less charge is produced by impact on the
particulate target. In fact, about 10 data points, which are not
shown on the graph, were below the limit of detectability. This is
probably understandable, because at low velocities the strength of
the target enters into most aspects of hypervelocity impact. Since
the target composed of particies is so weak, most cf the particle
kinetic energy is prbbably absorbed by competing mechanisms.

The particulate target was examined with an optical micro-
scope following pafticle bombardment . Althbugh no quantitative
measurements were made, it was evident that much larger craters
were formed in tﬁe particle target than in the solid iron target.
Further measurements on both the impact ionization effect and
cratering in weak targets are required in order to fully assess the
applicability;of such experiments to simulated lunar bombardment.
In particular, the possibility of obtaining weak targets with more
precise properties should be explored. The effect of grain size
should be evaluated, also.
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EXPERIMENTS ON THE IMPACT-LIGHT-FLASH AT HIGH VELOCITIES

I. INTRODUCTION

One of the observable phénomena associated with hyper-
velocity impact is the so-called impact light flash produced by
the conversion of some fraction of the projectile kinetic energy
to radiant energy. The light flash provides a mechanism for the
observation of high-speed impact phenomena. In addition, it has
been used as a meteoroid counter in micrometeoroid detector
systems} and it is hoped that some property of the impact flash
may bc uscd in such systems to determine meteoroid mass and
velocity. 1In this context Rosen and Scu11y2 nave suggested that
photometric measurements of the impact flash at two different

wavelengths may provide the desired information.

Traditionally, the depth of penetration and the size of
craters formed havé been‘the most significant engineering param-
eters of high-velocity impact, and by far the bulk of experimental
and theoretical work has been concerned with these aspects of high-
speed impact. The effects of melting and vaporization have only
recently been considered in hypervelocity penetration theory?

Some properties of the vapor cloud can be observed directly by
photographic techniques? while others may be inferred from indirect
measurements such as those of ionization processes? The existence
of ionization suggests that the vapor cloud may possess plasma-like
characteristics, including self-luminosity due to the excitation

of neutral gas atoms. Thus quantitative measurements of the
properties of the impact light flash can provide information on
vaporization effects.

In an early study6 of the impact light flash conducted
with large projectiles from a light gas gun, line spectra arising
from excitation of residual gas atoms in the target chamber
appeared to account for most of the observed radiation. The more
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recent experiments of Rosen and Scully (Ref. 2) were conducted in a
vacuum of less than 10-2 mm Hg using small projectiles approximately
50 microns in diameter. Since the residual gas interactions were
negligible, the observed radiation was attributed to blackbody
emission from heated particles or droplets ejected from the target.
On the basis of this assumption, they were able to correlate the
peak flash intensity with the amount of material ejected from the
target.

This report describes experiments on the impact light flash
conducted with very small (approximately 1 micron) particles over
the velocity range from about 2.5 km/sec up to nearly 40 km/sec.

The results of measurements using unfiltered photomultiplier tubes
suggested that the emission spectrum was similar to that of a black-
body radiator. Apparent biackbudy iemperatures wcre measured by
two-color photometric techniques similar to those used by Rosen

and Scully, and similar results were obtained over the range of
velocities common to both experiments. However, a significant
departure from the rate of increase of temperature with velocity
predicted by Rosen and Scully was observed. Although no attempt

has been made to determine the source of radiant energy, it appears
likely that two sources exist: One is blackbody emission from
heated matefial, the other radiation from excited atoms in the vapor
cloud.

II. EXPERIMENTAL PROCEDURES

A. Particle Acceleration and Analysis

In all of the work discussed here the TRW Systems
electrostatic hypervelocity accelerator7was used. In this accel-
erator small particles are first charged electrically by a process
described elsewheresand then injected into the accelerating
electric field of a 2-million-volt Van de Graaff Generator. Here
they are accelerated to a final velocity given by v = (2qv/m)l/2,

where V is the accelerating voltage, m is the mass of the particle,
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and q is its charge. As described in Ref. 8, the q/m of a par-
ticle is proportional to the reciprocal of the particle radius.

As a consequence of this relationship, the electrostatic method of
accelerating particles is most effective for very small particles.
Under optimum conditions; iron particles of 1 micron diameter
reach a final velocity of about 7 km/sec. (Smaller particles, or
particles composed of lower density materials, achieve corre-
spondingly higher velocities. As examples, carbon particles have
been accelerated to velocities in excess of 20 km/sec, and sub-
micron iron particles have been accelerated to nearly 40 km/sec.)
Carbonyl iron spheres (98% Fe) with a mean diameter of about 1.5
microns were used for all of the experiments described below.

The charge and velocity of each particle are determined
after it has been accelerated but before it strikes the targei
surface. This is accomplished by measuring the magnitude and
duration of the voltage signal induced by a particle as it passes
throughba cylindrical drift tube of known capacitance and length.
The charge is given by q = CVi, where Vi is the amplitude of the
induced voltage pulse and C is the capacitance of the drift tube
to ground. The velocity is simply v = f/t, where t is the transit
time through a cylinder of length /. The mass of the particle is
found from m = 2qV/v2.

Usually the signal from the detector is amplified and dis-
played on an oscilloscope trace, which is photographed for subse-
quent analysis. The signals from the photomultiplier tubes (PMT's)
used to observe the light flash are also recorded photographically.
When only a single PMT was used, its signal was displayed on one
trace of a dual-beam oscilloscope while the detector signal was
displayed on the other. When several tubes were in use simul-
taneously, each signal was displayed on a separate oscilloscope
trace. All of the oscilloscopes were triggered from a common
source (either the detector signal itself or the output signal
from the velocity selector system described below) to ensure time

correlation of the observed signals.
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Most of the high-velocity data (i.e., above about 10 km/
sec) were obtained with the aid of a recently developed velocity-
selection system. The carbonyl iron particle source is charac-
terized by a wide distribution of particle sizes (with diameters
from about 0.1 to 3.0 microns). As a consequence of the charging
process, the smaller and less frequently occurring particles
achieve the highest velocities. Since the very high velocity par-
ticles appear so rarely, direct photography of each particle signal
is not a very satisfactory way of acquiring high-velocity data.

To alleviate this problem, the velocity-selection system is used

to produce a trigger pulse whenever a particle within a pre-
determined velocity interval appears. This is accomplished by
means of two particle-detection stations and a simpie logic circuit.
The signal from the first detector opens a narrow gate at some
predetermined delay time. The signal from the second detector is
fed to the gate; if the gate is open, a trigger pulse is generated
but if the signal arrives at any other time no signal is generated.
Both the delay time and the width of the gate pulse are adjustable.
In practice, the trigger pulse is used to trigger the sweep circuits
of the oscilloscopes, which display the signals from a third par-
ticle detector and the PMT's. The particle velocity and mass are
determined by analysis of the signal from the third detector.

B. Impact~Flash Measurement Techniques

For the single-PMT measurements of the impact flash
from glass targets, particles from the accelerator passed through
a particle detector and then struck a glass target whose surface
was normal to the direction of the particle beam. The target,
which was in the form of a disc, also served as a vacuum window.
The PMT was optically coupled to the rear of the window with Dow-
Corning 200 Fluid. In some cases, the front surface of the target-
window was coated with an extremely thin but opaque film of
aluminum. The purpose of the film was to shield the PMT from
light emitted from the vapor cloud, thus limiting these measure-
ments to the "body flash"”. Under these circumstances the signal
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from the PMT appears as a large amplitude spike followed by a lower-
level, exponentially decreasing signal. It is presumed that the
spike represents the body flash. Experiments appear to bear this
out, since the amplitude of the initial spike is essentially un-

altered by the presence or absence of the aluminum film.

Most of the front-surface impact-flash measurements and
all of the spectral measurements were made using the target
chamber shown in Fig. 1. This chamber provides viewing ports for
four PMT's, which view the surface of the target at an angle of
45° to the normal. Particles from the accelerator enter the
chamber through the aperture between the phototubes and impact at
the center of the target, the point of impact lying at the apex of
the pyramid formed by the axes of the viewing ports. The viewing
ports are sealed by thin Lucite windows. The PMT's are held
against the viewing ports by an aluminum structure that also has
a recess for standard 2 x 2 inch optical filters. The internal
surfaces of the chamber are polished to increase light-gathering
efficiency, and all optical joints are made with a thin layer of
silicon grease to reduce light losses at the interfaces.

RCA 6199 photomultiplier tubes with S-11 spectral response
were used for all of the measurements. Standard PMT circuitry was
used, with the photocathode at about 1000 volts negative and the
anode grounded through the load resistor. A high-impedance voltage
divider supplied the correct operating voltage to the dynodes. The
last few stages were backed up by capacitors to avoid nonlinearities
arising from large signal levels. The frequency response was ad-
justed by varying the anode capacitance to ground. The output
signals were fed to wide-bandpass cathode-followers and from there

directly to the oscilloscopes.

Although the PMT's were not calibrated against a standard
blackbody radiation source, a certain amount of care was taken in
determining the over-all response. The most critical factors
affecting over-all response are the spectral response of the PMT-
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filter combination and the gain of the electron-multiplier
assembly.

The spectral response characteristics of the PMT-filter
combinations were determined from the S-11 spectral characteristics
curve published by the manufacturer and from the transmission
characteristics of the filters (also supplied by the manufacturer).
The spectral response of two filtered PMT's that were used as a
pair for the photometric measurements are shown in Fig. 2. Another
pair of filtered PMT's with a similar, but slightly different
spectral response was also used, but they are not illustrated.

For purposes of analysis, it was assumed that the area under a
particular curve represents the sensitivity to radiant energy at
the peak wavelength.

To determine the gain of the electron-multiplier assemblies,
the gains of the tubes that comprised a pair for the temperature
measurements were adjusted to a common value. A pulsed neon light
served as the calibrating source, and the gain was set by a
potentiometer which adjusted the total voltage across the dynode
chain. To account for possible variations in the light source in-
tensity, each tube was checked several times. In practice, all
four PMT's were fed from a single high-voltage power supply. Since
electron multiplication is a strong function of voltage, the
supply voltage was monitored continuously by a digital voltmeter
and maintained at a value constant to about ohe part in a thousand.
Under these conditions, the variation in electron gain was probably
no greater than 1 or 2%.

C. Two-Color Temperature Measurements

In the experiments, the actual property measured is the
intensity of light emission at two different wavelengths. To con-
vert these measured values to the apparent temperature, the experi-
mental data are used with the Planck blackbody radiation law,
namely,
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T ; @)

where YA is the intensity at wavelength A, T is the temperature of
the radiator, and Kl and K2 are constants. The magnitude of the
output signal from a PMT sensitive only at wavelength A is given
by

I, =S Y R (2)

where _Sl is the radiant sensitivity. The ratio of the light in-
tensity at two different wavelengths i and j defines the tempera-
ture uniquely, as given by

I, 5 (X /3T)

S .
. i (K,/1iT)
J J € 2 ~1

In the present case SA is proportional to the area
under the appropriate spectral response curve. The curve for con-
verting from measured signal level ratios to apparent blackbody
temperature, as calculated from Eq. (3), is given in Fig. 3 for
the spectral response characteristics indicated in Fig. 2.

I1I. EXPER IMENTAL RESULTS AND DISCUSSION

A. Single-Phototube Observations

As mentioned in the previous section, the body flash in
glass targets is characterized by an intense, short-duration flash
followed by a lower-intensity emission that decays with a
relatively long time constant. The duration of the initial spike
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to the PMT-filter combinations illustrated in Fig. 2.
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is about 0.2 psec, while the low-intensity portion of the emission
persists for as long as 10 psec. For most measurements, the PMT
signal was integrated electronically to facilitate the procedures.
Thus in the results obtained, the magnitude of the signal is
proportional to the total radiant energy emitted but is dominated
by the high-intensity portion. Typical results are illustrated in
Fig. 4, where the peak light-flash amplitude divided by the mass
of the particle is plotted as a function of particle velocity.
Normalizing to particle mass has the effect of presenting the data
as if the particles were of a uniform mass, and is based on the
assumption that the magnitude of the light flash is directly

proportional to particle mass.

Data for impacts on a solid tantalum target are shown
in Fig. 5. In this case, of course, the impact flash was observed
from the front face of the target. Again, the output signal was
electronically integrated. The signal waveform observed in this
manner is somewhat different in that the initial spike that is
characteristic of the body flash is not nearly so prominent as that
obtained with glass targets. 1In fact, it is questionable that it
appears at all. Generally, the signal rises to peak value in about
50 nanosec and then decays exponentially with a time constant of
about 5 pusec. Because of the integrationm, the signal amplitude is
proportional to the total radiant energy within the spectral range
of the PMT.

Over the limited velocity range covered by these data
points, the body flash from glass targets, as represented in Fig.
4, is more strongly velocity dependent than is the flash observed
from a solid metallic target. Straight-line "eye" fits to the
points imply that on glass targets the body flash increases as
about the seventh power of velocity, while in the other case the
slope is only about three. As can be inferred from results dis-
cussed later, this difference is not attributable to the differences
in target materials and hence, must be indicative of the difference
between the body flash viewed from the rear of the target and
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radiation viewed from in front of the target.

B. Spectral Measurements

Two-color photometric measurements were conducted to
determine apparent blackbody temperature as a function of par-
ticle impact velocity on tantalum and fused-quartz (Vycor glass)
targets. The term "apparent” means that the temperature was
determined on the assumption that the source of light is an ideal
blackbody radiator, although there is no direct evidence to support
this assumption.

Two separate temperature determinations were made for
each target material. The only difference between the two test
arrangements (aside from very slight differences in the spectral
response of the filters used) was the output circuitry of the PMT's.
For one pair of tubes the output signals were integrated by shunting
the 100 KN anode resistors with 100 pf capacitors, giving an RC
decay time of 10 psec. In the other case, no capacitors were
added and the effective RC decay times were less than 1 usec. 1In
the first case, the net effect of the integration is that the
total radiant energy from the flash is measured at some fixed
wavelength; in the second, the signal is more nearly proportional
to the instantaneous radiant intensity at the wavelength specified
by the spectral response characteristics of the PMT's. Since the
intensity is a strong function of temperature in the range under
study, the response in either case is dominated by radiation from
the flash while it is at high temperature, and the peak amplitudes
of the signals are representative of the maximum temperature. ?

In principle, the cooling of the flash could be moni-
tored by measuring the ratio of the appropriate singals as a
function of time. However, it was found that the signals decay to
the noise level so rapidly that measurements of this type did not
appear feasible under the present circumstances.

Generally speaking, the integrated signals provided
the best-quality data, particularly at low signal levels. This
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higher quality stems from the fact that the integration tends to
minimize the effects of statistical fluctuations in the electron-
multiplication process, which are sizable for small signals.
However, measurements made with the non-integrating circuitry pro-
vide an internal check for consistency of the results.

A set of oscillographs depicting the raw data obtained
for an event under somewhat favorable conditions is shown in
Fig. 6. The uppermost picture shows the detector signal, while
the oscillograph in the center displays the integrated output
signals at 5935 X and 4015 X (upper and lower traces, respectively).
Similar traces for the PMT's with broadband external circuitry are
shown inothe lower photo, where the upper trace giveg the intensity
at 5885 A and the lower gives the intensity at 4050 A.

Ideally, one needs only to measure the ratio of the
amplitudes of the pair of signals to determine the apparent
temperature. A case where this was done is illustrated in Fig. 7.
These data were obtained from the integrated intensity measure-
ments on a tantalum target. Clearly, the results show a steadily
increasing temperature with particle velocity. One gets the im~
Pression that the ratio of intensities is increasing more slowly
at the high velocities, but the scatter in the data points prevents
quantitative verification of this point. The results presented in
Fig. 7 are not as satisfactory as those presented later since to
obtain accurate data, high-quality signals must be obtained
simultaneously from both PMT's, and this was not always the case.
Often the signal from one of the two PMT's was either too large or
too small to be measured accurately, and at the higher temperatures
the blue-sensitive PMT produced larger and more easily measured
signals, which apparently led to a high-temperature bias.

To alleviate this problem and to minimize the scatter
exhibited by the points in Fig. 7, an averaging technique was
employed. In this method the peak light-flash amplitude,
normalized to particle mass, was plotted as a function of particle
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6a
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6¢c

Oscillographs Illustrating the Response of the Various
Sensors. The uppermost picture shows the signal from
the particle velocity-charge detector. The photograph
in the center shows the signals from the PMT's with
integrating output characteristics. The upper trace
in this picture was derived from a PMT sensitive at
5935 while the_ lower trace corresponds to the in-
tensity at 4015 X, similar signals from the PMT's
with broadband external circuitry are shown in the
lower picture with the_ upper and Jower traces giving
the intensity at 5885 A and 4050 & respectively.
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velocity for each of the PMT's. A smooth curve was fitted to
each set of data. The ratio of the values of the appropriate two
curves at a selected velocity then yielded an average maximum
blackbody temperature at that velocity.

The data are presented in Figs. 8 through 11. The
points represent the logarithms of the measured values of the peak
signal amplitude in arbitrary units normalized to the measured
particle mass at the velocity indicated. The strong velocity de-
pendence of the light flash as measured at a fixed wavelength is
evident from these figures, since the light-flash amplitude in-
creases by about 5 or 6 orders of magnitude over the velocity
range covered. The curves were fitted to the data points by an
iterative process. First the unweighted data were fitted to
polynomials of second and third degree by standard computer methods.
Gaps in the distribution of data points prevented an entirely
satisfactory curve fit by this technique. Next, average values of
the normalized light-flash amplitudes were determined over narrow
velocity intervals; and these values were fitted by inspection.
The curves defined in this manner and the computer-generated curves
were compared for consistency. Obvious differences were rationalized
by inspection, and the final curves as indicated in the figures were
defined. Obviously, personal judgment plays a major role in defining
the curves this way. Although the element of judgment precludes a
quantitative estimate of the fitting errors, it is felt that the
final results are quite representative of the actual temperatures
involved. The final results relating apparent blackbody tempera-
tures to impact velocity are given in Figs. 12 through 15.

As was mentioned above, the highest quality data were
obtained when the output signals from the PMT's were integrated.
Results obtained under these conditions are shown in Fig. 12 for a
tantalum target and in Fig. 13 for the fused-quartz target. 1In
both cases the apparent temperature increases with velocity, as
might'be expected, but appears to be asymptotically approaching a
limiting temperature of about 5000°K. Although the problem has not



Figure 8.

I(N)

LOG

I

LOG

4158-6017-TU-000

6.0 I T
IN'I'EGRATED° RESPONSE
@ A =4015 A
TANTALUM TARGET
2 L2
5.0
.. ".
4.0 -
3.0
2.0
a
. °
1.0 *Aﬁé: v
y .
A
0
6.0 1 T
lNTEGRATElg RESPONSE
‘@ X = 5935 A
TANTALUM TARGET .
/
5.0
LY \.
4.0 A
/:
3.0 ——
7
2.0 V&f///
. 1 *
A
10—
'(o
‘,.
0
2.5 4.0 6.0 10.0 20.0 40.0

VELOCITY (km/sec)

Page 20

Logarithm of the Integrated Light Flash Intensity
Normalized to Particle Mass
for PMT's Sensitive at 5935
Target.

s a Functi
and 4015

§n

of Velocity
and a Tantalum



4158-6017-TU-000

Page 21
5.0 T T
INTEGRATED RESPONSE
@A=40152 |
QUARTZ TARGET .
4.0 A (]
Zle
]
)
O
|
0
5.0 T T
INTEGRATED RESPONSE
@ A= 5935
QUARTZ TARGET
4.0 v
—_ 3.0
Zle
L]
0]
9 2.0
‘ [ ]
1.0 by
A
0
2.5 4.0 6.0 10.0 20.0 40.0

VELOCITY (km/sec)

Figure 9., Logarithm of the Integrated Light Flash Intensity
Normalized to Particle Mass as a Functign of Velocity
for PMT's Sensitive at 5935 and 4015 § and a Fused-
Quartz Target.



Figure 10.

4158-6017-TU-000

6.0 r r
INSTANTAI}EOUS RESPONSE .S
@ = 4050
TANTALUM TARGET . ..
5 nO v / .‘
4.0 "////
2 L1
~I|E
Al 3.0 v
)
o) /////
- -
2.0 Y. £
et
1.0 5%
o,. .
/
0
6.0 I . .
INSTANTANEOUS RESPONSE
@\ = 5885 .
TANTALUM TARGET - K.
5.0 /(..
/
4.0 .
2 //
) /
5 3.0
Q . A
2.0 R
. %
Y &
v
2
1.0
0
2.5 4.0 6.0 10.0 20.0

VELOCITY (km/sec)

40.0

Page 22

Logarithm of the Maximum Instantaneous Flash Intensity
s a Functign of Velocity

Normalized to Particle Mass
for PMT's Sensitive at 5885

Target.

and 4050

and a Tantalum



4158-6017-TU-000

Page 23
5.0 I T— X v
INSTANTANEOUS RESPONSE
° .
@ A= 4050 A .
QUARTZ TARGET
4,0 .
—_ 3.0
Ele
H L]
0]
O ® .
= 2.0 S
4 b
}
1.0 L
0
5.0 X > == X
INSTANTANEOUS RESPONSE
A= 5885 A
QUARTZ TARGET
4.0 -
) 3.0
=le
=
O .
Q .
- 2.0 D" Tl
v ®
/’
Y O
1.0
0
2.5 4.0 6.0 10.0 20.0 40.0

VELOCITY (km/sec)

Figure 11. Logarithm of the Maximum Instantaneous Flash Intensity
Normalized to Particle Mass as a FunctigQn of Velocity
for PMT's Sensitive at 5885 and 4050 and a Fused-
Quartz Target.



4158-6017-TU-000
Page 24

been treated analytically, it is probably safe to assume that the
temperature limit is imposed by more efficient radiation cooling

at higher temperatures and by the absorption of energy by competing
mechanisms, such as ionization of the vapor atoms.

Although the same limiting temperature is approached for
both types of targets, markedly higher temperatures are measured
at low velocities with the quartz target. The lower heat con-
ductivity of quartz may account for this effect, since the energy
release is confined to a smaller volume of material at a corres-
pondingly higher temperature. The apparent difference in measured
temperatures at about 3 km/sec and below is probably the result of
uncertainties in the curve fitting procedure rather than any actual
difference. Also, the radiation levels in this region barely exceed
the threshold for detection. '

The temperature measurements made with the wideband-
response PMT's are shown in Figs. 14 and 15 for the tantalum and
quartz targets, respectively. Generally, the results obtained are
similar to those discussed above; however, the curves are more
complicated in form. It is felt that this difference arises from
uncertainties in fitting the individual curves to the data points.
For example, the increase in temperature indicated at about 25 km/
sec in Fig. 14 arises from a small number of data points and may

1

represent only a statistica

e MRy W T W T ae T

It is interesting to compare the results here with the
results of similar experiments conducted by Rosen and Scully
(Ref. 2). In their experiments the apparent blackbody temperature
was measured for glass particles impacting on a lead target over
the velocity range of about 4 to 15 km/sec. They found that the
data, when plotted in the same form as shown in Fig. 12, could be
fitted by a, straight line, which implies that the ratio of in-
tensities is proportional to the impact velocity raised to some
power. Over the same velocity range, a straight line would provide
a reasonably close approximation to the segment of the curve shown
in Fig. 12. Furthermore, the maximum temperature they measured
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was about SOOOOK, which is nearly identical to the maximum
temperature measured here. Thus the results from the two experi-
ments are compatible over the velocity range where direct compari-
son is valid. However, results obtained with higher-velocity par-
ticles show conclusively that the extrapolation to meteoric
velocities suggested by Rosen and Scully is not valid.

IV. SUMMARY

The experiments described above have extended measurements
on the impact light flash to particle velocities of nearly 40 km/
sec. The very strong velocity dependence exhibited by the impact
flash suggested that the source of light was similar to a black-
body radiator. On this assumption, two-color photometric measure-
ments designed to determine an "apparent” blackbody temperature were
conducted. The results indicate that the apparent temperature in-
creases rapidly up to about 15 km/sec. At higher velocities the
rate of temperature increase is smaller and asymptotically approaches
a value of about 5000°K. The results obtained here are in good
agreement with the results of Rosen and Scully over the velocity
range common to both experiments.

As suggested earlier, the results here are related to
meteorite detection systems and to basic studies of hypervelocity
impact phenomena. Clearly, additional work, both theoretical and
experimental, is required to correlate the results obtained here
with other properties of high-speed impact.

vw
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RESPONSE OF MICROPHONE METEORITE DETECTORS TO THE
IMPACT OF FIGH VELOCITY PARTICLES*

I. INTRODUCT ION

Most of the direct measurements on the properties of micro-
meteoroids have utilized microphone detectors. These consist of
piezoelectric crystals which are mechanically coupled to metallic
plates or "sounding boards’. The crystal responds to mechanical
vibrations induced in the sounding board by the impact of a micro-
meteorite. The output of the microphone is an electrical signal
with an amplitude proportional to the magnitude of the mechanical
vibrations. Despite the widespread use of this type of sensor,
the overall response of the detector to dynamic properties of the
meteoroids has not been firmly established. In their comprehensive
compilation of meteorite data, Alexander, et al1 assumed a momentum
dependence based on the results of tests conducted at very low
impact velocities. A momentum dependence has also been reported2
for impact velocities up to about 4 km/sec. 1In contrast, the
theoretical treatment of St,anyukovich3 and the experiments of
Denardo4 using large particles at velocities up to 7.8 km/sec

suggest an energy dependence.

This report gives the results of tests using very small
particles with impact velocities up to 7.5 km/sec. Although the
results are not completely definitive, they show that the overall
response of a microphone detector lies somewhere between the

momentum and energy dependences suggested by other experimenters.

CIT. EXPERIMENTAL APPARATUS AND PROCEDURES

High speed particles from the STL electrostatic accelerator5
were used for the measurements described in this report. In this
device, small particles are charged electrically by an inductive
process6 and are injected into the accelerating field of a 2-

million volt Van de Graaff generator. The final velocity attained

*
This work conducted under NASA Contracts NAS5-763 and NASw-936.
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by the particle is given by

¢ = 2 qv,/m2 (1)

where Va is the accelerating voltage and m and q are the particle
mass and charge. As shown in Ref. 6, the q/m of the particles is
proportidnal to the reciprocal of particle radius. Consequently,
the electrostatic method of accelerating particles is applicable
only to small particles. Under optimum conditions, a 1 micron
diameter iron particle achieves a final velocity of about 7 km/sec.
Higher velocities can be achieved with smaller particles, but the
momentum of smaller particles is reduced correspondingly. The
limiting sensitivity of the microphone detectors prohibited the

use of higher velocity particles for these experiments.

The charge and velocity of each particle from the acceler-
ator are determined prior to impact by measuring the magnitude and
duration, respectively, of a voltage signal induced on a cylindrical
drift tube of known capacitance and length which the particle
traverses axially. The charge is given by q = CVi where Vi is the
magnitude of the induced voltage pulse and C is the capacitance of
the drift tube. The velocity is simply v = £/t where t is the
time required to pass through a cylinder of length /. Knowing the
accelerating voltage, the mass of the particle can be computed

from Eq. (1).

The signal on the drift tube was amplified and displayed on
one trace of a dual beam oscilloscope while the signal from the
microphone detector was displayed on the other. Both traces were
triggered by the leading edge of the voltage pulse from the
velocity~-charge detector. By taking account of the flight time
from the charge detector to the point of impact, one can be
assured that both signals were produced by the same particle.

The crystal transducer acquired for these tests was typical
of those used in flight experiments. It consisted of a cylindrically
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shaped lead zirconate crystal encapsulated in an aluminum can.
Preliminary tests showed that the microphone was not sufficiently
sensitive to be used directly with particles from the accelerator.
As a consequence of this, the crystal was removed from the can and
suspended in a rubber grommet with its axis parallel to the beam
of particles from the accelerator. The signal from the crystal
was derived from a pickup loop at one end of the crystal. The
face of the crystal exposed to the beam of particles was grounded.
Two types of impact surfaces were used. The first was a layer of
conducting silver paint while the other was a polished aluminum
disc cemented to the crystal. Since there was no apparent
difference in response for the different surfaces, the results
from both were combined in the data analysis.

The signal from the microphone was fed to a wide band
amplifier. The waveform at the output of the amplifier was an
exponentially decreasing oscillatory signal with frequency of
about 100 kc as illustrated in Fig. l-a. The signal shown resulted
from the impact of a glass bead dropped from a height of a few
centimeters. To reduce some of the low frequency noise problems
associated with mounting the microphone in the test chamber, the
amplified signal was fed through a relatively low Q resonant
circuit tuned to the resonant frequency of the crystal. The
circuit is shown in Fig. 1-b and a typical signal is illustrated
in Fig. 1l-c. The amplitude of the microphone signal was measured
at the point of maximum excursion from the base line. Since the
circuitry is composed entirely of linear elements and the fre-
quencies are fixed, it can be shown that the measured maximum
amplitude is always proportional to the amplitude of the first

half cycle at the output of the crystal.

III. RESULTS

Most of the hypotheses regarding the response of micro-
phone detectors can be reduced to the form V = K mv® where the
value of K depends upon the nature of the impact, m and v are
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Figure l-a

—_—

Figure 1.

WIDE BAND
AMPLIFIER

OSCILLOSCOPE

Il

Ll

Figure 1l-b

Figure l-c

Schematic Diagram of the circuit used in the Micro-
phone Detector Tests. The waveform at the top of the

figure is obtained at the output of the amplifier
while the waveform at the bottom is at the output

terminal of the tuned circuit.
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the particle mass and velocity, and 2 is an undetermined exponent.
There are essentially three types of impacts to be considered.
These are elastic impacts, completely inelastic impacts, and in-
elastic impacts enhanced by the expulsion of material from the
crater which increases the momentum imparted to the crystal. For
elastic impacts K = 2 and @ = 1. For the completely inelastic
case K and @ would both be unity. The third type of impact is
probably the most applicable in the present context and is cer-
tainly the most difficult to interpret. R. L. Bjork, quoted by
Dubin? contends that the momentum contribution from expelled
material may be as much as two and one-half times the momentum of
the impacting particle at 70 km/sec. Although it is probably an
oversimplification of the case, the assumption has been made that
K is a constant over the experimental range and that the velocity
dependence is contained completely by the exponent . '

The data are presented in two forms. In Fig. 2 the micro-
phone output signal is normalized to the particle mass and plotted
as a function of impact velocity. Since the particle parameters
are near the limiting sensitivity of the microphone system, the
data points exhibit considerable scatter which prohibits precise
measurements. However, the trend of the data is obvious. A line
drawn through the data points by eye as shown yields a value for

2 of 1.7. This is in contrast to a = 1 for momentum dependeince
and @ = 2 for an energy dependence.

The data from Fig. 2 are replotted in Fig. 3 to more
adequately demonstrate the departure from the commonly assumed
momentum dependence. Here the magnitude of the microphone output
signal is plotted against particle momentum. An independent
momentum calibration point was obtained by dropping plastic beads
weighing approximately 100 micrograms on the face of the crystal
from a known height. This was done in air, but no drag corrections
were made nor was the coefficient of restitution taken into account.
However, the computed momentum was good to about 10% which is

sufficient for comparison purposes. Using this point and the
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origin as the other, the elastic impact line corresponding to

the transfer of two units of momentum was drawn on the graph.
Nearly all of the data points obtained with high velocity particles
lie above the elastic impact line. This indicates that the ejected
material impar ts at least as much (and in most cases more) momentum
than does the impacting particle over the velocity range covered.

1v. SUMMARY

Although considerable modification of a typical microphone
detector was required in order to obtain measurable signals, the
results of the measurements described above are quite general in
nature. The results imply that the response of microphone detectors
cannot be characterized as simply momentum or energy dependent. In
order to more fully assess the situation, a much more detailed
study should be conducted. On the other hand, the empirical ap-
proach, such as that utilized here, provides information which
should be considered in the analysis of data from flight experi-
ments.

vw
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FIGURE CAPTIONS

Schematic diagram of experiment.
Photograph of experimental apparatus.

Typical oscilloscope tracc. The upper trace shows the
output of the primary detector. The vertical scale is
0.1 volts/div and the sweep speed is 5.0 usec/div. The
lower trace shows the output of the fifteen-station
detector. The vertical scale is 0.1 volts/div and the
sweep speed is 50 psec/div.

Least-squares fit of reciprocal velocity versus time
for a typical particle.

Graph of charge versus time for a typical particle
illustrating the method used to find the time of melting.

Graph of charge versus time for a particle which displays
loss of charge during latter part of trajectory.

The solid curve is the Rayleigh limit (see text) for
liquid particles with a surface tension of 0=1200 dynes/cm.
Each cross and open circle represents one experimental
particle. The cross represents the initial charge and the
open circle represents the charge after the particle has
melted.

Graph illustrating measdred velocity and measured light
output for a typical particle. Included is a plot of
particle temperature computed assuming a heat transfer

coefficient of unity. See text for a more complete dis-
cussion.
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THE INTERACTION OF MICROMETEORITES WITH GASEOUS TARGETS

J. C. Slattery, J. F. Friichtenicht and B. Hamermesh
Space Technology Laboratories, Inc.
One Space Park
Redondo Beach, California

ABSTRACT

Experiments have been conducted on the interaction
of simulated micrometeoroids with gaseous targets. Iron
spheres from 0.5 to 2.0 microns in diameter were
éccelerated to speeds up to 7 km/sec in the STL Electro-
static Accelerator. Oxygen, argon and air were used as
target gases. Gas pressures ranged from 1 to 2 mm of Hg
which insured that conditions for free molecular flow
were realized. Values of the drag coefficient rﬂand the
heat transfer coefficient A were determined. In this
paper, A is defined as the fraction of particle kinetic
energy converted to internal cnergy and is applicable
only for solid particles. The results are consistent
with a value of r‘nearly equal to 1 for all of the gases.
The values of A depended upon the gas used and ranged
from 0.8 to about 1.0.
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I. INTRODUCTION

The entry of a meteoroid into the earth's atmosphere is observ-
able from the earth by visual and radar techniques.- Data from these
observations are used to deduce physical parameters of the meteor
and the upper atmosphere., However, the mass and density of the
meteoroid are unknown and certain assumptions must be made con-
cerning the physical constants involved. For example, values must
be assigned to the drag coefficient, the efficiency of energy trans-
fer to the particle, the fraction of kinetic energy converted to
light and the efficiency for creating ion pairs. A summary of the
theory of meteoric processes and a discussion of existing data may
be found in Ref. 1. We are concerned in this paper with only the
drag coefficient and the heat transfer coefficient.

Following the notation of Ref. 1, we will review briefly the
theory of meteors. If a particle of mass m, having a velocity v,
enters a region of the atmosphere having a density p, some of the
momentum of the particle is transferred to the gas molecules and

the particle is decelerated according to

dv 2
m Y- - [~ Apv (1)

where rﬁis the drag coefficient and A is the projected area
of the particle.

A second equation is obtained by considering the conservation
of energy. A fraction A of the energy of the particle is converted
into heat, which manifests itself by raising the temperature of the
~ body, melting, vaporization, or fragmentation. In the general
theory, it is assumed that the primary mechanism for energy dissipa-
tion is by vaporization of the meteoroid. The particle collides
with a mass of gas equal to (pvA) per unit time and since the rela-

tive velocity of particle and gas molecule is v, we find



8699-6004-RU~000
Page 2

C_.._.=.._Apv3 R (2)

wvhere { is the energy per unit mass required to vaporize the par-
ticle. The kinetic energy lost by deceleration has been neglected
in Eq. (2), since this is negligible for naturally-occurring
meteoroids.

The ablated atoms collide with gas molecules and radiation is
emitted. Since an iron atom moving at a velocity of 22 km/sec has
an energy of about 140 electron volts, it is clear that there is
sufficient energy to excite and ionize the atoms of the meteoroid
as well as the atoms in the atmosphere. Meteor streams generally
have velocities above 22 km/sec and meteor spectra indicate that
the excited atoms of the meteoroid emit most of the observed radi-

ation.

If v is the fraction of the kinetic energy of the ablated
material which is converted into light, the intensity of light I

emitted is

v . (3)

—

f

!
N
(o7} o))
=15

Since the ablated atoms ionize the gas, we may write an equation
for the number q of ion pairs formed per centimeter of travel in

the gas. This equation is

1B (4)
v i

where B is the ionization probability and p is the mass of the
evaporated ion.
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The four equations above may be applied to the experimental
data to determine some of the parameters required by the theory.
A visual or photographic measurement yields v, dv/dt, p (from the
height of occurrence and a knowledge of the height versus the
density of the atmosphere), and I as functions of time. The
radar meésurements yield v, p and q. We note that the four equa-
tions involve 6 parameters [ﬁ, A, A, £, T and B, so that we have
an underdetermined set of equations. A further difficulty occurs
because some of these parameters are likely to be velocity depend-
ent.

For the purposes of this paper, we will be concerned mainly
with Eqs. (1) and (2). As will be described later, meteoroid
processes can be studied in the laboratory under controlled condi-
tions. The experimental apparétus allows one to project artificial
micrometeoroids having diameters the order of 1 micron and moving
at speeds up to 8 km/sec into gas targets. The composition and
density of the target gas are known and the parameters of the par-

ticles are specified.

It is well to point out that there are certain differences
between these experiments and the entry of a meteoroid into the
earth's atmosphere. The meteoroids which give rise to visible
trails and radar echoes are much larger than the experimental par-
ticles. Therefore, the thermal equilibrium time constant for ocur
particles is much shorter. 1In most respects this is a desirable
characteristic for the kinds of measurements we have made since the
phase (solid, liquid or vapor) of the particle is more easily
specified. A further difference is that the change of velocity is

. not negligible, so in applying Eq. (2) corrections must be made for

the loss of kinetic energy due to deceleration. In the general
theory, Eq. (2) is valid only for the case where the meteoroid is
losing mass by ablation. In fact, it is assumed that meteoroids
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are not observable until ablation occurs. Most of our measurements,
however, have been concerned with a determination of the heat trans-
fer coefficient while the particle is in the solid phase. This
quantity, denoted by A, is defined in Section IV. Finally, the
experimental particles are electrically charged. This difference
does not alter the basic measurements but does provide a very

useful tool for following the particle and observing it as it under-
goes changes of phase.

In the experiments, simulated micrometeoroids were projected
into various gases and m, v, dv/dt and charge loss were measured
as functions of time. Since the particles are very nearly spherical
and theif density is known, the value of A may be found. Using an
appropriate value of { with Egs. (1) and (2), values of r‘and A were
obtained. 1In addition, the emission of light was observed as a
function of time. While these last measurements can lead to values

of t, only preliminary results of this type will be discussed. -

II. EXPERIMENTAL APPARATUS AND TECHNIQUES

The STL electrostatic hypervelocity accelerator2 was used as a
source of high-speed particles for all of the measurements described
in this paper. 1In this accelerator, small particles are charged
electrically by a process descfibed elsewhere3 and are injected into
the accelerating field of a 2-million volt Van de Graaff generator.
Here they are accelerated to a velocity given by
2qV 1/2

m

(5)

v=

where V is the accelerating potential, m is the mass of the particle
and q its charge. As described in Ref. 3, the gq/m ratio obtainable
is proportional to the reciprocal of the particle radius. Consequent]
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the electrostatic method of accelerating particles is most effective
for particles with small radii. Under optimum conditions, a
one-micron diameter iron particle achieves a final velocity of about
7 kilometers/second. Higher velocities can be obtained with par-
ticles of less dense materials., For example, carbon particles have
been accelerated to more than 20 km/sec. For the experiments des-
cribed here, only carbonyl iron spheres with an average diameter of

about 1.5 microns were used.

The charge and velocity of each particle issuing from the
accelerator are determined by measuring the magnitude and duration,
respectively, of a voltage signal induced on a cylindrical drift
tube of known capacitance and length, through which the particles
pass. The charge is given py q= CVi, where Vi is the magnitude of
the induced voltage pulse and C is the capacitance of the drift tube
to ground. The velocity is simply v = L/t, where t is the time to
pass through a cylinder of length £. The mass (hence, the radius)
of the particle is found from m = 2qV/v2, where V is the accelerating
voltage. Generally, the signal on the drift tube is amplified and
displayed on an oscilloscope trace which is photographed for later
analysis. Detectors for determining particle position relative to
the axis of the detector have also been developed. These are des-
cribed in Ref. 3.

The conditions for hypersonic free molecular flow for particles
of this size range are satisfied for pressures of about 25 mm Hg,
or less. Since the accelerator section is maintained at high
vacuum, a transition region from high vacuum to the gas target is

required. This is accomplished by means of a differential pumping

- system illustrated schematically in Fig. 1. Two intermediate pres-

sure regions are provided. Gas flow from one region to another is
restricted by means of the constrictions shown in the figure. The

smallest constriction is 0.050" in diameter and 0.60" long. With
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this system, pressures up to about 5 mm Hg can be maintained in the
target section while maintaining a pressure of 2.0 x 10.5 mm Hg in
the accelerator section. The conditions for free molecular flow are
also satisfied at much lower pressures, but the energy loss per unit
path length becomes so small that measurements of the effects are
difficult. For the sake of convenience, we have chosen to work at
pressures of about 2 mm of Hg. The pressure in the target region is
adjusted by the variable leak control and the pressures in the
various regions are monitored by appropriate gauges. In operation,
particles from the accelerator pass through a charge-velocity
detector, then through the series of constrictions into the target
region. The focusing properties of the accelerator are such that
about 50% of the particles from the accelerator enter the target
region.

Two types of measurements were conducted during the course of
this work. One was concerned with the measurement of particle .
position and charge as a function of time. This measurement made
use of a series of fifteen coaxial drift tubes (referred to as
station detectors in Fig. 1) interspersed with grounded drift tubes.
Each of the active drift tubes functions as a charge-velocity
detector as described above. The detecctors were connected in

parallel and amplified by a common preamplifier.

Preliminary measurements on radiant energy cmissicn were made
with the same target chamber. Ten photomultipliers (RCA Type 7117
Multiplier Phototube with S-4 spectral response) were placed along
the trajectory of the particle with a three-inch separation between
tubes. The signals from the phototubes were fed through

. cathode-follower amplifiers to an impedance-matching network where

the outputs were added together. The combined signals were then
displayed on an oscilloscope. The duration of the signal from each
tube was short compared to the transit time between photomultipliers
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so that a typical signal consisted of a series of ten, or fewer,
discrete pulses. The amplitude of each pulse was proportional to
the radiant energy incident on the photocathode of the tube. 1In

the cases where fewer than ten pulses appeared, correlation was
accomplished using time-of-flight techniques utilizing the time base
generated by the primary detector. The gains of the phototubes were
adjusted periodically to a common, although arbitrary, value by
means of a modulated tungsten filament light source.

A photograph of the complete experimental system is shown in
Fig. 2. The base of the Van de Graaff can be seen through the
opening in the wall at the right. The differential pumping section
is near the center of the picture. The photomultipliers and cathode
followers can be séen in place along the target section which is

about one meter in length.

III. MEASUREMENT OF THE DRAG COEFFICIENTS

The velocity of a solid spherical particle traveling through a
rarefied gas should obey the fundamental drag equation, derivable
from Eq. (1): '

gy_:—_l—:ﬂz_vzi (6)

where p is the gas density, r and m are the particle radius and mass,
v is the particle velocity and rﬂis the drag coefficient. This

equation may be integrated to give:

2
U -2 IR S 0
m v

\{
o
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The quantity in brackets is constant for a given particle. Therefore,
a graph of reciprocal velocity versus time should»bg a straight line
with a slope directly proportional to the drag coefficient.
Experimentally we measured distance versus time and computed the
average velocity between points.

The position measurement was accomplished with the fifteen-
station detector described above. The detector signal was amplified
by a calibrated preamplifier and presented on an oscilloscope with
calibrated vertical amplifiers and sweep speeds. A tracing of a
typical oscilloscope picture is shown in Fig. 3. The upper trace
is from the primary detector located just ahead of the differential
pumping system and the bottom trace is from the fifteen-station
detector inside the gas.

Each oscilloscope trace was measured with a traveling micro-
scope and a plot of reciprocal velocity versus time was made for
each particle. A typical plot is illustrated in Fig. 4. The best
straight line fit for each set of points was found by a least-squares
analysis. A value of r‘was then computed using the particle
parameters derived from the primary detector. The gas pressure was
measured with a calibrated thermocouple gauge, corrected for the
thermal conductivities of the different gases.

The results of these measurements are presented in Table I.
The radius and initial velocity of each particle are included. All
the data were taken at gas pressures such that the molecular mean
free path was large compared to the particle diameter and the con-
ditions for hypersonic free molecular flow were fulfilled.

Although there is some spread in the data, we are led to the
conclusion that the drag coefficient is very close to unity for
iron particles and the three different gases used.
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Iv. MEASUREMENT OF THE HEAT TRANSFER COEFFICIENT

In order to describe the energy transfer from the gas to the
particle, we have followed the treatment normally used to describe
meteoroid entry into the atmosphere. The mass of gas striking the
particle per unit time is (pwrzv) where p is the gas density, wrz
is the particle projected area and v is the particle velocity The
energy brought in by the gas is 1/2 (mass) x (velocity) and a
fraction A of this energy is converted into particle internal

energy. Thus, we have:

dE A 2.3
3t - 3 PV (8)

where E is the internal energy'of the particle. We are defining
the heat transfer coefficient A by the equation above.

If we could follow the temperature of a particle proceeding
through the gas, the behavior would be somewhat as follows: Along
the first part of the path, all the energy is going into raising
the temperature while radiation and vaporization losses are
negligible. When the temperature reaches 1535°C, the melting point,
there is an interval of constant temperature during which the
particle melts. The thermal time constant for a spherical particle
is of the order of t = brzﬁ/k, where C is the specific heat, k is
the heat conductivity, p is the particle density and r is the radius.
For a one-micron diameter iron particle, this time is about
2 x 10-8 seconds. Since the times involved in our experiments are
of the order of tens of microseconds, we expect the particle to be
~at a substantially uniform temperature.

Once the particle has melted, the temperature will start to
rise again, since energy is scill pouring in. At some later time
the energy lost by thermal radiation becomes important and the
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temperature does not increase as rapidly. However, the vast majority
of our particles are fast enough so that they are temperature limited,
not by radiation, but by vaporization. The temperature climbs to
something over 3000°K, where the energy lost by vaporization and
radiation balances the input energy.

The particle continues to slow down and the energy being
delivered decreases. The temperature, limited by vaporization, also
decreases. Finally, a point is reached where there is little energy
lost by vaporization, and the temperature is controlled by the thermal
radiation. The time constant for a particle losing energy by radiation
alone is relatively long and so the temperature falls more slowly. At
this point our experiments usually end.

It is obvious that if we could measure the temperature and mass
ablation as a function of velocity, we could compute the heat trans-
fer coefficient. However, the measurement of mass ablation at low
velocitiés and with small particles is very difficult, Without
knowing how much energy is going into vaporization, it would be of
little use to know how much goes into radiation.

On the other hand, there is a séction of the particle track
where we may be relatively certain that little energy is going into
either vaporization or radiation. This is the time interval just
after the particle has entered the gas. Ail the energy is being
used to raise the particle temperature towards the melting point.

We need only to identify the melting point at 1535°C and we may cal-
culate directly the heat transferred to the particle.

We believe that the behavior of the charge on the particle
- gives an indication of when the particle turns molten.

All particles, without exception, lose some fraction of their
charge shortly after entering a gas target. This applies to all the
gases we have used. In general, the charge follows a curve very
similar to those illustrated in Figs. 5 and 6. There seems to be a
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short time when the charge loss is small and then an almost linear
decrease occurs. Invariably, the loss then stops/and the particle
continues on with a constant charge. If the curve is followed
further, the charge once again starts to decrease as illustrated in
Fig. 6 and, in a time comparable to the first decrease, goes to

zero.

The explanation we advance for this behavior is as follows.
When the particles first enter the gas, the average electric field

9 yolts/meter. Small irregularities on the

at the surface is 2 x 10
surface enhance this field at local spots. The combination of high
fields and bombardment by gas atoms with an energy equivalent to a
few electron volts causes the emission of ions. We do not know
whether the ions emitted are iron, iron oxides, or ionized target
gas. However, a combination of gas and field is necessary since

there is no charge loss for a particle traveling through vacuum.

Whatever the actual mechanism of initial charge loss, the
critical assumption we make is that the melting of the particle
smooths out the local irregularities and lowers the field. At this
point the charge emission stops. We take the knee of this curve to
be the time of melting and measure it as indicated in Figs. 5 and
6. A graph of charge versus time was made for each particle analyzed
and the time the particle melted was determined in this manner.

Since we are dealing with highly charged solid spheres which
become molten, it is of interest to calculate the Rayleigh‘limit4 of
our particles; namely, that value of the charge q on a liquid droplet
of radius r at which the coulomb repulsion just balances the force
due to surface tension o, i.e., q2 = 64vzoeor3. When the charge is
. below this 1limit, a liquid drop is stable against breakup. Figure 7,
i1llustrating some of the data for particles in air, shows that while
nearly all of our particles start with an amount of charge in excess

of the Rayleigh limit they f£all below the limit before they reach
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the point where we assume they are molten. The crosses in Fig., 7
represent the initial particle charge and the circles represent the
charge on the same particle after it has ceased losing charge.

There is still one uncertainty, and that is whether the latent
heat of melting should be included. If the particle melts from the
surface, uniformly inward, probably little of the latent heat should
be included and only the energy necessary to raise the temperature
by 1500°K would be counted. Since the heat is delivered on the
front side only, perhaps an acceptable compromise would include only
one-half of the latent heat of melting. The analysis of the data
does not include the latent heat, but it is a simple matter to correct

the results so as to take this into account,

To find A we equate the energy necessary to raise the particle
temperature by 1500°K to the energy delivered over a time T,

mC(1500) = [ 3 prr2vS dt . (9)

o]

We chose an average specific heat C of O. 165 cal/ngC for iron over
this temperature range. The particle mass m was measured as described
in Section II, and the particle radius was derived from m = (4/3)wr Pre
with the density of iron taken as 7.8 gmblbms. The gas density p was
derived from the pressure measured by a calibrated thermocouple gauge.
The reciprocal velocity was plotted versus time for each particle,
as illustrated in Fig. 4, and the measured curve used to determine the
velocity function used in the integral. The measured heat transfer
coefficients are presented in Table II, along with the initial
'velocities and particle radii. The heat transfer coefficient for
nitrogen was calculated from those of oxygen and air, by the following
equation:

Xair = 0.79 ANZ + 0.21 on (10)
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Since the latent heat of melting is not included, these values
would represent a lower limit. Inclusion of the latent heat would
mean raising all the values of A by a factor of (1 + L/1500C) where
L is the latent heat of melting and C is the specific heat. If we
take L = 64 cal/gm and C = 0.165 cal/gm°C, this factor is 1.26.
Should only one-half of the latent heat be used, then the correction
factor is 1.13.

There is one other correction which should be applied to the
heat transfer coefficient derived for oxygen. This would take into
account the possible addition of chemical energy from the exothermic
reaction of iron and oxygen. The fact that the oxygen data con-
sistently yield coefficients greater than unity indicates something
of this nature is taking place. At natural meteor velocities the
relative contribution of this chemical energy will be much smaller,
since the kinetic energy contribution increases as the square of
the velocity. |

Accoudting for this energy is difficult, but, if we assume that
the heat transfer coefficient for oxygen is the same as the average
of argon and air, then the differencé between measured and assumed
values would be due to chemical reactions. With this assumption, we
can calculate the average chemical energy delivered per molecule of
oxygen. Wnen this has been done we find that the average energy is
0.35 eV/molecule. Since iron-oxygen reactions have typical energies
of two or three eV, this result implies that about one out of ten
molecules which strike the particle reacts chemically.

At the present time we have no direct evidence to support the
assumption that the particle reaches the melting point coincident

with the cessation of charge loss. However, the results are con-

sistent with this assumption and there are several points which

argue in favor of this conclusion.



8699-6004-RU-000
Page 14

In the first place, the heat transfer coefficients are close
enough to unity that melting cannot occur much earlier than we
designate. This would require energy transfer with an efficiency
greater than 100%. Melting must then occur either at the time we
indicate or sometime later. If it is later, then an argument must
be developed to explain the cessation of charge loss without a
change of phase. Examination of the data indicates that the melting
argument is consistent with the observations while other explanations
are not. For example, the effect is not directly related to the
electric field since the field varies by at least a factor of two
between particles. It is not a function of the time spent by the
particle in the gaseous environment because this varies by an order
of magnitude. Charge loss does not cease at a given particle
velocity. The results, however, are consistent with a temperature
rise, i.e., they obey Eq. (9) reasonably well as shown in Table II.

Further support for the melting hypothesis is obtained from the
results of a separate set of experiments. In these experiments,
photomultiplier tubes were interspersed with the charge detectors
along the gas target tube. Thus, we observed the charge loss and
light emission simultaneously. The visible light emitted by the
particle was observed to rise sharply to a maximum along the trajec-

tory and then decay. The maximum occurs later than the knee on the

In Fig. 8 we have taken one particle and plotted the measured
velocity and light output versus time. By assuming a heat transfer
coefficient of unity and knowing the particle mass and velocity, we
may compute the temperature rise of the particle. The results of
this calculation are included in Fig. 8 also. The actual tempera-
ture will rise less sharply above 2000°K than indicated because we
have neglected any energy losses by radiation in the computed curve,
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The calculated thermal time constant of a particle losing
energy by radiation alone is much longer than the observed decrease
in the light output. From this we infer that vaporization is
limiting the particle temperature near the peak of the light out-
put curve, If this is the case, the temperature must be in the
neighborhood of 3000°K or higher, We may then look back along the
particle trail and estimate when the temperature was 1800°K. When
this is done, the results agree with our original assumption that
the particle is near 1800°K when the charge loss stops.

V. SUMMARY

The drag coefficients of small spherical particles traveling
through oxygen, argon and air under conditions of hypersonic free
molecular flow have been measufed. The results presented in Table I
are consistent with a value of unity for the drag coefficient in all
three gases. The measurement technique was straightforward and the
deviations in the results can probably bhe ascribed to experimental

errors on individual particles,

We have derived a value for the heat transfer coefficients in
the same three gases and under the same conditions. In order to cal-
culate these coefficients we found it necessary to make certain
assumptions concerning the temberature and physical state of the
particles. These assumptions are outlined in Section IV. Noneé o
these arguments is conclusive proof, but they are all consistent.
We conclude, therefore, that the values of heat transfer coefficients

which we have tabulated in Table II are valid lower limits for this

£
4

velocity and particle regime.

ro
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Table I, Drag Coefficients
Oxygen Da.*l;al Argon Data2 Alr Da.ta3
( km}gec ) (mic:ons ) [ ( lm:/rgec ) (mic:ons ) [ ( m;gecL ( mic;ons ) B

5.8 0.32  1.02 6.8 0.23  0.94| 6.7 0.31 1.13
5¢3 0.43  1.27 5.1 0.51  0.94 | 6.k 0.29 1.24
5.2 0.37 1.09 4.9 0.63 0.93| 5.7 0.k 1,11
4.8 0,54  1.24 ' ¢ 0.55 0.91| 5.1 0.52 1,03
' § 0.65 1.1k k.2 0.55 0.88| 4.8 0,56 1.03
L ¢ 0.62  1.12 b1 0.68  0.96]| k.7 0457 0.88
b6 0.64 1Ak | 3.7 0.56 0.92] N7 0.57  1.01
4,6 0.42 0.68 3.6 0.73 0.84 4.3 0.43 1.02
k.5 0.61  1.20 345 0.93 1.01| L.O 0.55 1.16
by 0.61  0.81 3.4 0.97 1.02| k.0 0.55 1,10
hh 0.54 0.84 3.2 1.08° 1,02

b o.b2  0.86 2.8 .11 1.2

4.4 0.59 1.06

k.3 0.68  1.06

3.7 0.71  0.95

3.4 1.02  1.23

3.1 1.06  1.20

‘Mean Values with
T«Mm.8, deviationsi_.

oxygen

Z1.05 0.7 [ = 0.96 + 0.08

argon

1.
2.

3.

gas pressure = 2,0 and 1.0 mm Hg
gns pressure = 1.3 mm Hg
gas pressure = l.5 mm Hg
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Oxygen Datal Argon Data.2 Air Data3
(km/:gc) ' (mic:oﬁi) A (kﬁ?gec) (mic:ons) A (km}gec) (mic;ona) A
4,2 0.66  1.07 5.0 0.51  0.98 6.7 0.31 0.89
b1 0.65 1.05 4.9 0.63 0.79 6.5 0.30 0.76
k.0 0.81  1.00 b7 0.55 0.9k 6.2 0.40 0.84
3.7 0.67  1.09 b6 0.58  0.99 6.0 0.46 0.80
3.6 0.87  1.07 b2 0.71  0.84 5.2 0.63 0.81
3.6 0.96 1,08 L.2 0.55  0.97 4.8 0.57 0.81
3.4 1.00 0.99 4,0 0.84 0.96 h.7 0.57 0.94
3. 0.64  1.06 | 3.8  0.56 0.86 | k.6  0.66  0.97
3.3 0.60  1.05 3.7 0.85  0.96 b.b 0.63 0.83
3.2 0.66 1.09 3.6 0.70°  0.75 L.y 0.43 0.78
4.0 0.55 0.99
3.9 0,71 0.88
3.8 0.70 0.51
Mean Values with
r.m.s. deviations:
Aoxygen ~ 1:0640.03 A o = 0.90£0.08 A .. = 0.86+0.07

'For nitrogen (obtained by combining air and oxygen data)

lnitrogen - 0.8110.09
1. gas pressure 2,0 mm Hg
2. gas pressure 1.3 mm Hg
3. gas pressure 1.5 mm Hg
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Figure 7. The solid curve is the Rayleigh 1limit (see text) for liquid
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PENETRATION OF THIN FILMS BY HYPERVELOCITY
MICROPARTICLES .

I. INTRODUCT ION

At least one type of micrometeoroid detector operates on the
basis of light transmission through holes produced in otherwise
opaque films by the impact of micrometeorites. The detector flown
aboard the Explorer VII satellite by LaGow and Secretan1 was of this
type. In their device, the opaque film was placed between a light
source and a photomultiplier tube, which measures the quantity of
light transmitted through the film. A sudden increase in phototube
current signals a meteoroid impact. The magnitude of the phototube

current increase is proportional to the area of the hole in the

film. For maximum benefit tc be derived from the measurements, it
is desirablie to relate the current increase to the parameters of the

impacting micrometeoroid.

Films typical of those used by LaGow and Secretan were cali-
brated using high-speed particles from the TRW Systems electrostatic
hypervelocity accelerator? A brief experimental program in support
of these measurements was conducted and the results are given below.
It should be pointed out that the results are equally applicable to
the general area of hypervelocity impact phenomena.

II. PROCEDURES AND RESULTS

The thin film, in the form of a strip about one inch wide by
three inches long, was mounted in a test fixture attached to the end

of the accelerator drift tube. The plane of the film was perpendicular

to the axis of the particle beam. A detector3 for the measurement of
particle charge, velocity, mass, and trajectory was positioned
immediately in front of the film holder. The film could be moved
manually in a direction defined by the long axis of the film, thus
exposing a number of separate and distinct target areas to the beam.
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As many as ten areas could be utilized before the target was re-
moved from the vacuum chamber. The film holder was carefully in-
dexed and the observed impact sites were correlated with the

trajectory information derived from the particle detector.

The targets were 0.00025 inch thick mylar films with a thin
(about 0.1 micron) layer of vapor-deposited aluminum on the impact
side. The diameter of the holes produced DII was measured with a
screw micrometer eyepiece and a high power optical microscope. For

these measurements, D, is defined as the diamcter of that part of

H
the crater transparent to light. In general, this diameter is
smaller than the overall diameter of the disturbed area. Carbonyl
iron spheres were used for all of the shots. The particle diameter

Dp was determined by the techniques described in Ref. 3.

The results are summarized in Fig. 1. The results show that

wl
Vi

(4]
Q

the ratio of hole diameter to particle diameter incre 1
- Ll

n <

m/

18/

()]
w

with velocity, but is relatively constant from about 5 or ec
and up. The scatter of the data points prohibits a reasonable
estimate of the velocity dependence. The lack of precision arises
from errors in the measurement of both of the quantities. Also, it
is likely that the thickness of the film relative to the size of the
particle plays an important role, but this has not been considered.
It is clear, however, that the hole diameter is at most one or two
times the particle diameter even at the highest impact velocities.

More precise measurements are required to fully assess the situation.

vw
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SOLID-STATE DETECTOR

The TRW electrostatic microparticle accelerator is nearly an
ideal facility for the development and testing of sensitive micro-
meteorite detectors. The results of experiments on the impact
ionization effectl and tests of thin film capacitor penetration
detectors indicate behavior similar to the properties exhibited
by semiconductor particle detectors. These semiconductor de-
tectors enjoy general use in the field of nuclear physics. The
charge collection mechanisms are reasonably well understood for
nuc}ear particles and the manufacturing processes have reached a
high degree of sophistication.  Furthermore, standardized instru-
mentation has been developed for use with the basic detector unit.
For these reasons, the possibility of using a semiconductor '

junction detector as a micrometeorite detector were examined.

For these initial tests an n-type silicon surface barrier
diode (fabricated at TRW) was used. The surface barrier detector
is constructed by evaporating a thin layer of gold (100-2000 X)
onto high resistivity n-type material. A distributed p-type layer
is formed by surface states at the interface between the metal and
the semiconductor. A dipole layer is formed by positively-charged
icnized donors in the n-type material and the p-type states. The
region which is essentially stripped of conduction electrons is
called a surface barrier. A depletion region is formed by the
application of a reverse bias across the n-p junction, most of
the extent of which is into the n-type region. The width of this
depletion region is given approximately by

1
d = (pv)z/s (1)

where d is the depletion width in microns, p is resistivity of
the n-type material in ohm centimeters and V is the effective
reverse bias in volts. This bias is made up of a self-bias,
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which for the detector used was about 1/2 volt, plus the ex-

ternal applied voltage. When the semiconductor detector is used

on nuclear particles, for every 3.5 ev of energy lost by the par-
ticle in the depletion region, an ion-electron pair is formed,

and is then collected by the detector electrodes. It should not

be expected that the mechanism of the detector for micrometeorites
will be at all similar to that just described for nuclear particlés
because of the tremendous difference (106) in mass of the particles.

In the initial tests the particles from the accelerator were
incident on the gold electrode (p side) of the detector which was
grounded. An Ortec preamplifier and amplifier (Models 101 and
201) were used with the detector, and these were calibrated to
indicate total collected charge from the detector. Bias voltage
of 0, 10 and 30 volts were ﬁsed, and the detector output was not
found to depend ¢on the applied bias voltage. This was consistent,
since the 0.5 volt self-bias results in a depletion depth of about
40 microns, and this is greater than the expected depth of pene-
tration of the particles. Figure 1 is a plot of signal amplitude,
normalized to particle mass, as a function of velocity. The data
has a slope of about 3, which is the value obtained in earlier

work on impact ionization.

It was discovered that there was a significant fraction
(10-20%) of the output signals from the detector which were in-
verted from the expected polarity. It is not understood at this
time why these occurred. It was found that if the n electrode was
grounded, the fraction of opposite polarity signals was decreased
to about 3%. Also, the slope of the data when plotted as before,
seems to be about 5, as compared with three in the other con-
figuration.

It was felt that possibly recombination processes might have
affected the observed response. To investigate this, a biased
grid was placed in front of the grounded p electrode. Signals
were observed at the n electrode. Biases of both polarities and

various voltages were used on the grid. The conclusion reached
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\ was that a positiVe'bias on the grid, resulting in electron ex-
| traction from the detector, reduced the number of opposite
polarity signals by a significant amount.

Based on the results of this preliminary examination, and
in view of the advantages that were pointed out at the beginning
of this note, it is felt that these detectors certainly merit a
more thorough evaluation as a possible micrometeorite detector.

REFERENCES

l. J. F. Friichtenicht and J. C. Slattery, "lIonization
Associated with Hypervelocity Impact,” NASA TN D-2091.
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HIGH VOLTAGE BREAKDOWN INITIATED BY PARTICLE IMPACT*

J. C. Slattery, J. F. Friichtenicht and D. O. Hansen
TRW Space Technology Laboratories, Redondo Beach, California

This letter describes the techniques employed and reports re-
sults of exploratory experiments on the particle initiated high
voltage breakdown hypothesis due to Cranberg} The assumption is
made that small particles are torn from an electrode by electrical
stress and are accelerated across the gap. Upon impact at the
opposite electrode, gas and metal vapor are evolved from the sur-
face, creating local conditions conducive to the initiation of a
discharge between the electrodes. No attempt is made to explain
the mechanism of particle formation nor to justify the existence
of such particles on fundamental grounds. However, an analysis
by Slivkov2 applies constraints on particle size. The upper limit
is established by requiring that the kinetic energy of the particle
be sufficient to vaporize its own mass. The lower limit is es-
tablished by requiring that the gas cloud be large enough to per-
mit charge multiplication while simultaneously satisfying the
conditions at the Paschen minimum.

Maitland3 has compiled data from a number of experimenters
and finds that the results are compatible with the particle ini-
tiated breakdown concept. Rozanova4 has shown conclusively that
particle impacts are capable of initiating discharge by placing
loosely bound particles on the surface of conditioned electrodes.
Application of pulsed voltages resulted in breakdown attributed
to the particle impacts. Results of work in our laboratory on the
effects of micrometeoroid bombardment of ion engines5 suggested a
similar mechanism. This led to the experiments described below.

*This work supported by the NASA under Contract No. NASw-936.
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In these experiments, particles of known mass and energy are
injected through an aperture in one electrode of a plane parallel
electrode configuration. The particle parameters are completely
independent of electrode spacing and voltages and the experiments
are primarily concerned with the investigation of the effects of
voltages and electric fields on the developing discharge. The ex-
periments provide no information on the mechanism of particle
formation required for the Cranberg hypothesis. However, the
parameters of particles required to initiate discharge can be
determined and compared to what might be anticipated in an actual
case.

The STL electrostatic hypervelocity accelerator6 was used as

a source of particles. In this device, small iron particles are
charged by a process described elsewhere7 and are injected into
the accelerating field ¢f a 2-million volt Van de Graaff gener-
ator. The particie mass and energy are determined prior to im-
pact by techniques described in Ref. 7. L

A diagram of the experimental configuration is shown in
Fig. 1. Particles from the accelerator pass through a detector
used for the measurement of particle mass and velocity. Most of
then ﬁaés through a 0.75 mm diameter defining aperture which is
aligned with a 1 mm aperture in the ground electrode. Finally,
the particles impact upon the high voltage electrode. Another
particle detector is intefposed between the two apertures and serves
to identify which of the particles passing through the main de-~
tector eventually strike the target. 1In practice, slight mis-
alignment results in less than 100 per cent transmission through
both apertures. For each set of conditions, the transmission was
determined and the observed frequency of discharge was weighted
accordingly. '

Both of the electrodes were made of polished stainless steel.
The ground plane was in the form of truncated cylinder about 3.8 cm
in diameter. The high voltage electrode was machined to a Rogowskis




HIGH

VOLTAGE
ELECTRODE

/4

GROUND
PLANE

|

DEFINING
APERTURE

4158-6009-TU-000
Page 4

U

PARTICLE
BEAM

PARTICLE
DETECTORS



4158-6009~TU-000
Page 5

surface having a flat center portion of about 1 cm diameter and

an overall diameter of 2.5 cm. The gap between electrodes was
adjustable over a relatively wide range as was the voltage applied
to the electrode. However, no'voltages exceeding positive or
negative 30 kilovolts were used.

The electric field lines at the impact point are somewhat
distorted by the presence of the aperture in the ground plane.
To reduce this, the electrodes were inclined by 45° to the particle
beam. The effects of distortion have not been evaluated completely,
but it is assumed that the discharge occurs between the impact
point and a smooth portion of the ground plane. Discharges were
sensed by observing the voltage developed across a 0.1 ohm re-
sistor interposed between the ground plane and true electrical
ground.

Results obtained under typical conditions are
2. The x's denote the parameters of particlies which initiated
discharge while the points represent particles that did not. For
the case illustrated;, a 15 kv positive voltage was applied to the
electrode and the gap was 0.5 mm. The probability of discharge is
evidently much greater for particles with energies and radii in
excess of about 0.8 x 10"'7 joules and 0.9 microns, respectively.
The relatively sharp threshold between discharge and no discharge
is exhibited for all voltages and fields used. This defines a
lower limit in particle energy (or size) below which discharge is
not initiated. No upper limits were observed. Thus Slivkov's
prediction of particle size limits is only partially verified by
these experiments. However, the requirement imposed by Slivkov
that the particle possesses enough kinetic energy to vaporize its
own mass is an oversimplification of the case. Partial vapori-
zation of a large particle would release more gas than complete
vaporization of a small one. The fraction of particle material
vaporized is a strong function of velocity, but Slivkov does not
consider this aspect. A revision of Slivkov's criteria to include
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velocity effects may be in order.

The thresholds in particle energy and size required to ini-
tiate breakdown shift with voltage and electric field. Smaller,
less energetic particles are capable of initiating discharges for
higher voltages and fields. Insufficient data are available to
define the voltage and field dependence but it appears that the
electric field is a more critical factor. This again is in
general agreement with Slivkov. He implies that charge multi-
plication with the expanding gas cloud is dependent upon the
potential difference across the cloud. For a cloud with dimensions
smaller than the gap spacing, the total voltage across the cloud
is determined by the voltage gradient.

The parameters of particles charged and accelerated under
conditions suggested by Cranberg and Slivkov can be computed and
compared to the parameters of particles used here. Assuming
spherical iron particles, a charging mechanism similar to that
described in Ref. 7, and conditions identical to those used in
obtaining the results given in Fig. 2, a 30 micron radius particle
would be required to attain the threshold energy shown in Fig. 2.
This is obviously too large to be compatible with the Cranberg-
Slivkov formulation. However, the particle impact hypothesis is
not directly applicable at the voltages and fields used here. It
is interesting to note that the estimate in particle size is com-
patible with the experimental observations of Rozanova.

A definite dependence on the polarity of the applied voltage
was observed. Significantly less energetic particles are required
to initiate discharge when the particle impacts on the cathode.
For example, virtually all of the particles shown in Fig. 2 would
have initiated discharge if the polarity had been reversed.

In summary, the experiments described above provide quanti-
tative information on the particle initiated voltage breakdown
hypothesis. The existence of a low energy limit for particles
capable of initiating discharge has been verified and measured.
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A definite polarity dependence was noted and the effects of
applied voltage and electric field were observed qualitatively.
Although the validity of the Cranberg hypothesis cannot be veri-
fied directly by these experiments, extension of the measurements
to higher voltages and fields would enable one to define the
parameters of particles required to initiate breakdown under
conditions where the particle impact hypothesis is presumed to be
valid. Evaluation of particle formation mechanisms in light of
these results could be instrumental in testing the validity of the
Cranberg breakdown hypothesis.

vw
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